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ABSTRACT

Ultra-high performance concrete (UHPC) is defined as a cementitious based
composite material with compressive strengths above 150 MPa, pre-and post-cracking
tensile strengths above 5 MPa, and enhanced durability. To achieve desired properties,
UHPC is typically produced with low water-cementitious materials (w/cm) ratio (i.e.
w/cm < 0.25), high cementitious materials content (i.e. >1000 kg/m3), high quality
aggregate, high dosage of high-range water reducing admixture (HRWRA) and
reinforcing fibers. UHPC has distinct advantages in applications where narrow formwork
and dense reinforcement are inevitable, high compressive strength concrete material is
required and the surrounding environment is aggressive. The construction of shear keys
in precast bridges is one of the important applications for UHPC. Although many
previous research studies have focused on developing UHPC using a range of materials,
evaluating UHPC properties and exploring different application for UHPC, the choice of
commercial UHPC mixture is very limited, proprietary and expensive. This hinders the
widespread use of UHPC in construction.
The principal objective of this study was to investigate the feasibility of
developing UHPC using locally available materials to achieve desirable properties for
application in construction of shear keys in precast bridges.
This study was carried out in three parts. In the first part of the study, each of the
component materials including portland cement, high range water reducing admixtures,
supplementary cementitious materials (SCM), sand and reinforcing fibers was studied,
focusing on their influence on the properties of UHPC under different proportions. The

ii

specific aspects of the component materials studied include different types of high range
water reducing admixtures, sand characteristics, alkali content of portland cement,
different types of supplementary cementitious materials, different types of reinforcing
fibers and the interaction of sand and fibers on the segregation of steel fibers in UHPC
matrix. The investigated properties of UHPC included mixing time to achieve fluid
mixture, workability, setting time, autogenous shrinkage, compressive strength,
tensile/flexural strength, drying shrinkage, rapid chloride permeability, volume of
permeable voids, alkali silica reaction and bulk electrical resistivity. Techniques such as
thermogravimetric analysis, loss-on-ignition (LOI) and scanning electron microscopy
were used to identify and explain the material behavior of UHPC.
Test results from the first part of the study showed that a w/cm of 0.20 was low
enough to produce high quality UHPC mixtures. Low alkali (< 0.7% Na2Oeq) portland
cement was found to be better suited for UHPC than high alkali cement as the latter
resulted in reduction in the workability, compressive strength, and increase in the drying
shrinkage. A powder form Poly-carboxylate ether-based HRWRA, such as Melflux®
4930F, was found to be suitable to produce a self-consolidating UHPC at very low w/cm.
A low carbon (low LOI) silica fume was found to be the ideal SCM compared to fly ash
and meta-kaolin from the consideration of improving the compressive strength and
durability of UHPC. Silica flour was not a necessary component in UHPC, as its only
beneficial effect was to improve the early age compressive strength of UHPC. The
ternary use of meta-kaolin, fly ash and cement could overcome the reduction in the 1-day
compressive strength and the increase in the drying shrinkage due to the binary use of fly
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ash and cement, and address the reduction in the workability and the increase in mixing
time due to the binary use of meta-kaolin and cement. Properly proportioned ternary
blend of meta-kaolin, fly ash and cement could produce cementitious paste suitable for
use in UHPC with higher workability, higher 28-day compressive strength and lower
drying shrinkage than a paste containing binary blend of silica fume and cement
particularly when high SCM contents (0.3 and 0.4 by mass of cement) was used. An
optimal proportion of fly ash and meta-kaolin was identified by using the desirability
functions from the considerations of workability, compressive strength, drying shrinkage
and SCM content. Natural siliceous sand with its natural gradation meeting ASTM C33
requirements was suitable for producing UHPC. The increase in the sand content
decreased the workability, drying shrinkage and chloride ion permeability of mortar. It
also reduced the cost of UHPC. Steel micro fibers (SMF) performed better than polyvinyl
alcohol micro fibers (PVAMF) in UHPC formulation, as they could significantly improve
the post-crack tensile strength of hardened UHPC and resulted in less reduction in the
workability of fresh UHPC than PVAMF. Certain minimum sand content (i.e. sand-tocementitious materials ratio of 1.25 by mass) was required to prevent severe segregation
of SMF in UHPC. A strong correlation between the bulk electrical resistivity and rapid
chloride ion permeability of UHPC was found in this investigation. This indicated that
the chloride ion permeability results obtained from the rapid chloride ion permeability
method was affected by the bulk electrical resistivity of the specimen.
In the second part of the study, selected component materials and their
proportions were used to produce UHPC mixtures, based on the results in the first part of
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the study. Chemical admixtures were used to further improve the properties of UHPC.
The test results showed that several UHPC mixtures were developed by adding sand and
SMF at certain proportion into selected cementitious paste formulations (containing silica
fume or containing meta-kaolin and fly ash). The drying shrinkage of UHPC could be
further reduced and without significantly sacrificing the 1-day compressive strength by
combined use of a liquid form shrinkage reducing admixture and a chemical accelerator.
In the third part of the study, the influence of substrate surface roughness, surface
moisture condition, surface cleanliness and surface roughening pattern on the bond
performance between UHPC and precast concrete was investigated. The test results
showed that third-point flexural bond test was an easy and reliable method of evaluating
the bond performance between UHPC and precast concrete, compared to the slant shear
and pull-off test methods. The roughness of the substrate surface of precast concrete
prepared by sandblasting could be evaluated by both sand spread test and laser profiling.
The increase in the roughening duration increased the surface roughness. Adequate bond
between UHPC and precast concrete was achieved as long as the substrate surface of
precast concrete was well roughened and cleaned. The influence of surface moisture
condition (i.e. saturated surface dry and ambient dry) of roughened precast concrete on
the bond performance with UHPC was not significant. Moreover, an adequate bond
between UHPC and precast concrete could be achieved by partly roughening the
substrate surface of precast concrete in the tensile stress zone, instead of roughening the
entire substrate surface.
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In conclusion, this dissertation showed that UHPC with desirable material
properties could be manufactured by using locally available materials. The UHPC
mixtures developed in this study exhibited adequate bond with precast concrete, which
was expected to have successful structural performance for the construction of shear keys
in precast bridges.
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CHAPTER
1 INTRODUCTION

1.1 Background
Ultra-high performance concrete (UHPC) is a new class of concrete which has
superior workability, mechanical properties and durability, compared to normal strength
and high strength concrete. It typically consists of portland cement, supplementary
cementitious materials (SCM), water, high range water reducing admixtures (HRWRA),
fine aggregate/sand and reinforcing fibers. Silica flour is used as a substitute of either
cement or sand to improve the gradation of the component materials of UHPC. Coarse
aggregate is not incorporated. UHPC has great advantages in many applications where
narrow formwork and dense reinforcement are inevitable, and the concrete material is
required to have superior high compressive strength and durability. The applications of
UHPC have been explored by many universities and research agencies all around the
world [1-3]. As it is reported, UHPC has been used in the construction of bridges,
precast/prestressed bridge girders, field cast connections of precast members and other
structures (see Figure 1.1) [1-6].
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(a) Casting bridge girder by precaster

(b) Field cast shear key

(c) First UHPC bridge in U.S.
Figure 1.1 Applications of UHPC [6]

Federal Highway Administration (FHWA) has proposed definition of UHPC
which is a cementitious based composite materials with discontinuous fiber
reinforcement, compressive strengths above 21.7 ksi (150 MPa), pre-and post-cracking
tensile strengths above 0.72 ksi (5 MPa), and enhanced durability [4, 7]. To achieve those
desired properties, UHPC is produced with low water-cementitious materials (w/cm)
ratio (i.e. w/cm < 0.25), high cementitious materials content (i.e. >1000 kg/m3), high
quality aggregate, high dosage of high-range water reducing admixture (HRWRA) and
reinforcing fibers [4, 5, 7-10]. Typical mixture proportion of UHPC is shown in Table 1.1
[11].
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Table 1.1 Typical mixture proportions of I m3 of UHPC
Component materials content (kg/m3)
Portland cement
712
Silica fume
231
Water
109
Sand
1020
Silica flour
211
HRWRA
30.7
Accelerator
30
Steel fibers
156

Portland cement is the most important component material in UHCP. The
principal component of cement is clinker which consists of tricalcium silicate (C3S),
dicalcium silicate (C2S), tricalcium aluminate (C3A) and tetracalcium alumino ferrite
(C4AF) [12]. The hydration product of C2S and C3S are C-S-H gel and Ca(OH)2. C-S-H
gel is the main contributor to the strength of concrete [12]. Ca(OH)2 reacts with
amorphous silica from pozzolans to produce more C-S-H gel in the system, which is the
main process of pozzolanic reaction [12]. It has been observed in previous research that a
combined C2S + C3S content greater than 65% is preferred for developing UHPC [7, 8].
The hydration process of C3A is very fast, which has significant impact on the hydration
rate of clinker and the workability of the fresh concrete [12]. To control the hydration rate
of cement, proper amount of gypsum is mixed with the clinker to produce a cement with
good setting characteristics. C3A content of less than 8% by the mass of cement has been
found to have limited impact on the workability of fresh concrete [13].
Supplementary cementing materials (SCM) or pozzolanic materials are commonly
used in the formulations of UHPC. Silica fume (SFU), a by-product of the production of
elemental silicon or alloys containing silicon, is the most widely used SCM in UHPC. Its
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super fine particles and pozzolanic reactivity densify the microstructure of hardened
concrete and improve the compressive strength of concrete significantly [12, 14]. A
preliminary study on the use of fly ash (FA), granulated blast furnace slag, meta-kaolin
(MK) in UHPC has been reported recently [7]. This study simply replaces SFU with FA,
slag or MK in the UHPC proportion. The results showed that concrete with 28-day
compressive strength can be prepared with SCM rather than SFU [7]. However, as a
preliminary study, only the workability and compressive strength of UHPC using binary
blend of SCM and cement were investigated. Information on the durability properties of
UHPC using different SCM is still not available.
Silica flour (SFL) is an inert form of silica which does not have chemical
reactivity at ambient temperature. The fine particulate nature of the SFL can physically
improve the grading and packing of the aggregate and reduces the permeability of
concrete [15]. SFL is usually used as filler material, substituting part of the fine aggregate.
However, studies have shown that at a temperature of 250 oC, SFL with mean particle
size of 10 µm can react with amorphous hydration products of portland cement to form
crystal hydrates, such as xonotlite [16, 17]. This is the main reason studies of developing
UHPC containing SFL require elevated temperature curing.
Reinforcing fibers are frequently used in UHPC mainly to improve the tensile
strength due to their ability of restraining crack propagation in concrete material [12].
Steel microfiber (SMF) the most widely used reinforcing fibers [5].
Several research studies have developed UHPC with desirable properties over last
decades [5, 7, 8, 11]. Most of these studies require the special treatment which is elevated
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temperature curing or pressure curing to achieve superior compressive strength of
concrete. Elevated temperature curing is to increase the reactivity of component materials
in concrete. Pressure curing is to reduce the porosity of the concrete mixture. Richard et
al. developed concrete mixture having compressive strength up to 230 MPa with 90 oC
curing [16]. Concrete having compressive strength up to 680 MPa was prepared when
elevated temperature curing ranging from 250 to 400 oC and 50 MPa pressure curing
were both applied [16]. In another study, Roy et al. developed concrete with compressive
strength up to 510 MPa under curing condition with temperature of 150 oC and pressure
of 170 to 340 MPa [18]. However, it is difficult to apply special treatment methods to
achieve desired properties of UHPC, particularly in the field application. Studies on
developing UHPC under ambient temperature and atmospheric pressure curing have been
conducted in recent years. Wille et al. prepared several non-fiber reinforced UHPCs
having compressive strength up to 206 MPa without special treatment [8]. The lowest
w/cm in this study was 0.12 [8]. Rangaraju et al. developed fiber reinforced UHPCs
having superior workability and compressive strength over 150 MPa without special
treatment at w/cm of 0.2 [5].
At the present time, the approaches of producing qualified UHPC materials with
superior properties fall into the following categories:
a.

Optimizing the gradation of compositional materials to maximize the

matrix packing density of cementitious concrete [19-22];
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b.

Utilizing interactions between water-soluble polymers and cement to

prevent macro defect in cementitious concrete which is referred to as Micro Defect Free
Concrete [23, 24];
c.

Applying pressure to fresh cementitious mixture to increase the density of

the matrix [18, 25, 26];
d.

Promoting the reactivity of mineral admixtures in cementitious concrete

under elevated temperature. Such type of concrete is also referred to as reactive powder
concrete [16, 17];
e.

Using reinforcing fibers, such as steel fibers, to improve the properties of

cementitious concrete, particularly the properties under tension. The surface of fibers is
usually treated to improve the bond with cementitious matrix [7, 10, 16].
Among all of these categories, development of UHPC at ambient temperature and
atmospheric pressure by improving the packing density of cementitious concrete and
using reinforcing fibers has been increasingly attracting research interests, as it needs no
costly water-soluble polymers or special curing procedures.
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1.2 Problem Statement and Research Significance
Regardless of the qualified UHPC material formulations that have been developed
in the previous studies, the options for commercial UHPC material product are still
limited in the market place. For instance, among most of the applications in U.S., the
dominant UHPC material was a product named Ductal® [4, 7, 27, 28]. The limited option
of UHPC products is largely because of the rigorous requirements on the qualities of raw
materials, the difficulties in manufacturing and field construction, and the high economic
cost. Another issue with UHPC is the limited information available on the behavior of
UHPC in reinforced concrete structure. Although UHPC has been used and studied in
some structural applications, the focus of the investigation has been limited to the global
structural performance of the structure (i.e. precast bridge). There is still limited
knowledge on the bond performance between UHPC and precast concrete, which is
critical to the integral performance of precast structures using field cast UHPC joint.
Specifically, some of the limitations of the present UHPC material development
and applications are recognized as follows:
a.

High quality raw materials, such as low carbon silica fume, are required to

produce UHPC. However, their availability is limited and the price is high. The
information on the effect of chemical compositions and gradation of these raw materials
on the properties of UHPC is important to find out potential substitutionary materials. For
example, questions may be raised as whether higher carbon content silica fume can be
used in the same way as low carbon silica fume to produce UHPC, and whether fly ash is
suitable in developing UHPC. However, such information is limited.
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b.

The manufacturing and field construction procedures of UHPC have

special requirements. For instance, the mixing procedures of UHPC are more
complicated than normal concrete due to the sticky nature of fresh UHPC. High energy
output concrete mixer is required to produce UHPC. Another example is that, in studies,
vacuum mixing, pressure curing, or elevated temperature curing is required to achieve the
desired properties of UHPC [16, 25, 29]. All these requirements increase the cost of
UHPC, and make the quality control during the manufacturing and field construction
process difficult.
c.

The dominant UHPC products in the market are proprietary and expensive.

The information on their compositions is not available. It is impossible to modify or
customize the proportions for specific application.
d.

Most research focused on the 28-day compressive strength of UHPC.

There is limited information on the early age properties, such as workability, setting time
and the early age compressive strength (i.e. 1-day compressive strength) of UHPC. The
early age property is important if UHPC is to be used as self-compacting concrete or as
concrete for rapid construction.
e.

The information on the durability of UHPC is limited. For instance, two of

the concerns of concrete: drying shrinkage and alkali silica reaction are not fully
understood in UHPC.
f.

The information of mixture proportions design of UHPC is limited.

g.

Limited knowledge on the bond performance between UHPC and precast

concrete.
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Facing those challenges, the principal objective of this study is to develop UHPC
materials having superior material’s properties, customizable mixture proportions, good
bond with precast concrete, and cost efficiency compared with the commercial products
[5, 7, 9]. This study focused on the effects of properties of component materials and their
proportions on the performance of UHPC cured at ambient temperature. The findings of
this study provide much-needed information on the workability, mechanical properties
and durability of UHPC developed at ambient temperature, and provide guidance for the
development of UHPC. This guidance covers the processes from the stage of materials’
selection to the stage of materials’ proportioning.
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1.3 Objective of the Research
The principal objective of this study is to investigate the feasibility to produce
UHPC using locally available materials and methods that do not require special mixing
and curing procedures. The specific objectives include:
a.

Determine the influence of component materials and their proportions on

both early and later age properties of UHPC.
b.

Provide guidance on selection and proportioning of qualified raw

materials for developing UHPC.
c.

Determine the bond performance between UHPC and precast concrete,

and provide guidance on substrate surface preparation for achieving adequate bond.
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1.4 Scope of the Research
The early and later age properties of UHPC produce using selected materials are
studied. The test methods include standard ASTM methods, modified ASTM methods
and non-standard methods.
The component materials investigated included:
a.

Portland cement with various alkali contents.

b.

Various types of high range water reducing admixtures.

c.

Pozzolans, such as fly ash, meta-kaolin and silica fume, used in binary or

ternary blend with portland cement.
d.

Inert filler such as silica flour.

e.

Sand.

f.

Steel fibers.

g.

Other types of chemical admixtures, such as accelerator and shrinkage

reducing admixtures.
The early and later age material properties of UHPC studied included workability,
time of set, autogenous shrinkage, compressive strength, tensile strength, flexural
strength, drying shrinkage, bulk electrical resistivity, rapid chloride ion permeability
(RCP), alkali-silica reaction (ASR) distress.
The bond performance between UHPC and precast concrete was also studied with
considerations of different substrate surface preparation methods.
The findings in this study provided several guidelines for developing UHPC with
superior material and structural performance.
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1.5 Organization of the Dissertation
This dissertation includes six chapters.
Chapter 1 provides an introduction to this study. Problem statements and research
needs are placed. The principal objectives and scope of this study are defined as well.
Chapter 2 is the literature review of the past studies. The material selection,
material proportions, and test methods used in the past study are discussed.
Chapter 3 discusses the materials used and the test methods adopted for this
research.
Chapter 4 describes the experimental program adopted for achieving the
objectives of this research.
Chapter 5 reports the results of the various tests, and provides reasonable
discussions.
Chapter 6 draws conclusions relating to the principal findings of this study.
Chapter 7 provides guidance on raw materials’ selection and proportioning for
producing UHPC. Guidance on substrate surface preparation for achieving adequate bond
between UHPC and precast concrete is also provided.
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CHAPTER
2 LITERATURE REVIEW

This chapter introduces the past literatures related to the development of UHPC.
The influencing factors and mechanisms on the properties of UHPC are reviewed.
Previous findings on the material selection, material proportions, curing methods and test
methods for UHPC are introduced. Shortcomings of the past studies are stated.
2.1 General
The term UHPC was first introduced in 1990s [20]. Although no official
definition of UHPC has been given so far, based on research work conducted in recent
years by the FHWA, a widely accepted definition of UHPC as a concrete material having
compressive strengths above 150 MPa, and pre- and post- crack tensile strength above 5
MPa and durability has gained recognitions [4, 7]. The early studies related to concrete
with such high compressive strength can be dated back to 1970s when elevated
temperature was required for curing [18, 22]. The recent research work focuses on
producing UHPC without elevated curing or pressure curing [5, 8]. Although many
studies have been conducted on UHPC, the only commercially available UHPC product
in U.S. named Ductal® is produced by a French company [4, 7, 11]. It has become the
dominant UHPC product in field applications in North America.
The typical composition of UHPC includes portland cement, silica fume, silica
flour, HRWRA, water and reinforcing fibers [4, 5, 7, 8, 11, 27]. The chemical
composition, gradation and proportion of these materials are critical to achieve desired
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properties of UHPC. The effect of component materials and their proportion on the
properties of convention concrete or UHPC are reviewed in this chapter.
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2.2 Behaviors of Component Materials in Concrete
2.2.1 Cementitious materials
2.2.1.1 Portland cement
As it is known, portland cement consists of finely ground clinker and gypsum [12].
The main compositions of clinker include C3S, C2S, C3A and C4AF. C-S-H gel, a
hydration product of C2S and C3S, is the main contributor to the strength of concrete [12].
Ca(OH)2, another hydration product of C2S and C3S, reacts with amorphous silica from
pozzolans to produce additional C-S-H gel, which is the main process of pozzolanic
reaction [12]. It has been observed in a research that a combined C2S + C3S composition
greater than 65% in cement is preferred for developing UHPC [7, 8]. The hydration
process of C3A is very fast, which has significant impact on the hydration rate of clinker
and the workability of fresh concrete. To control the hydration rate of clinker, proper
amount of gypsum is mixed with the clinker, which leads to the final form of portland
cement. The hydration product of C3A does not contribute to the strength of concrete, but
it can bind HRWRA and result in less HRWRA available to improve the workability of
fresh concrete [12]. The content of C3A and gypsum in cement has significant influence
on the properties of concrete, especially workability. Study has shown that C3A content
of less than 8% by mass of cement has limited impact on the workability of fresh
concrete [13].
Alkali content is another factor in cement which has impact on the properties of
concrete. As reported in previous research work on conventional concrete, an increase in
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the alkali content of cement accelerates the hydration of cement and decreases the
workability of fresh concrete [30-36]. It was reported in literature that the increase in the
alkali cations in the liquid phase of fresh cementitious mixture accelerated the hydration
of C3A by depressing the Ca2+ cations released from gypsum whose effectiveness was
therefore decreased [30, 34-36]. Alkali content of cement also has impact on the
compressive strength of concrete [30-32, 37-42]. As observed in the past studies, the
increasing alkali content reduced the later age compressive strength of concrete, and it
was attributed to the porous microstructure and lower strength of alkali-containing C-S-H
gel of hardened mixture developed in high alkali condition [30-32, 37-42]. An increase in
the alkali content of cement also increases the potential of the ASR in concrete [43-45]. A
study on the ASR expansion of concrete with alkali content of cement varying from 0.9%
to 1.25% Na2Oeq was conducted by Rogers C. et al [44]. The original portland cement
had alkali content of 0.9% Na2Oeq. Higher alkali content was achieved by dissolving
corresponding quantity of sodium hydroxide (NaOH) into mixing water [44]. The test
results showed an approximately linear relation between increasing ASR expansion and
the increasing alkali content [44]. In another study, 70 to 80% of the expansion was
reduced when the alkali content of mortar mixtures was reduced from the higher (13.4
kg/m3) to the lower value (6.2 kg/m3) [43].
The fineness of cement also impacts the properties of concrete. Cement with high
fineness tends to hydrate fast and give higher early age compressive strength of
cementitious mixture than cement with low fineness, but the former gives lower
workability of fresh concrete than the latter one [12]. As for the different types of cement,
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study has found that Type I/II cement perform better than Type III cement in developing
UHPC from a consideration of 28-day compressive strength [7].
2.2.1.2 Silica fume
Silica fume is a by-product of the production of elemental silicon or alloys
containing silicon [14]. SFU is the most frequently used SCMs in UHPC formulations. Its
super fine particles and pozzolanic reactivity improve the compressive strength and
durability of UHPC significantly, by densifying the microstructure of both the bulk paste
and the interfacial transition zone (ITZ) between paste and aggregate of hardened
cementitious mixture [12, 14, 46, 47]. Accelerated pozzolanic reaction of SFU has been
observed when the cementitious mixture is cured at 90 0C [16].
SFU is also able to reduce bleeding and increase the cohesiveness of fresh
cementitious mixtures [48]. In most cases, SFU is found to reduce the workability of
fresh concrete [12]. However, studies have shown that concrete with SFU has improved
fluidity, despite that SFU has large specific surface area [48-50]. For example, a study on
the rheology of cementitious paste found that for mixtures in which less than 10% of
cement was replaced by equal volume of SFU the viscosity of paste decreased as the
silica fume content increased when polyacrylate based HRWRA was used [50]. This was
explained by the packing of SF particles between cement grains which displaced water
and by a ball-bearing effect of silica spheres [50]. Research has shown that low carbon
content SFU is preferred to achieve good workability [7].
The effect of SFU on the durability of concrete has been studied from the aspects
of freeze-thaw resistance, scaling, permeability and dimensional stability. As it was
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observed that the addition of SFU improved the freeze-thaw resistance of concrete [51].
The use of silica fume also reduces scaling [52]. The reduced chloride ion permeability of
concrete by the addition of SFU has been observed in many studies, and it is attributed to
the densified microstructure of hardened cementitious matrix, as discussed previously
[53-56]. The previous literature on the effect of SFU on the drying shrinkage of concrete
is contrary. Increased drying shrinkage with the presence of SFU has been observed [57].
However, other studies showed different phenomenon that the use of SFU reduced the
drying shrinkage of concrete, which was attributed to the higher capillary stress due to
the finer pore size distribution in concrete resulting from the micro filler effect and
pozzolanic effect of SFU [58]. Increased autogenous shrinkage of concrete was observed
with the presence of SFU in some literature [59, 60].
2.2.1.3 Fly ash
Fly ash is a by-product of thermal power stations [12, 61]. Many studies have
shown that fly ash can improve the properties of concrete, such as workability, durability,
and strength [12, 61-67].
It is widely known that the electro static repulsion and ball bearing effect of FA
can improve workability of fresh concrete [12]. The carbon content of FA (referred to as
loss on ignition value) has significant effect on the workability of concrete by influencing
the tendency of absorbing HRWRA [63, 64]. Moreover, FA has been found to have
chemical impact on the mechanism and kinetic of the cement hydration, which is an
initial retardation effect on the C3A hydration [64]. Other factors, such as fineness and
particle shape, have also been studied from an aspect of workability of concrete [62]. As
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shown in the literature, decreased workability was observed with the increase in the
fineness of FA, and it was attributed to the angular particle content due to the grinding
process [62]. Fly ash was also found to reduce the autogenous shrinkage of concrete [68].
The effect of FA on the strength of concrete has been understood from the
perspective of both physical and chemical effect of FA on hardened concrete. At early
ages, i.e. less than 7 days, pozzolanic effect of FA is not significant. The early chemical
and physical influences of FA on the hydrating cement are understood as assisting the
dispersion of cement, which let cement expose a greater surface area of the cement grains
for hydration [64]. Moreover, FA helps reduce bleeding and form a uniform
microstructure of concrete [64]. At later ages, pozzolanic effect of FA is getting more
significant. Denser impermeable concrete microstructure is formed which exhibits higher
compressive strength and better durability [64]. A Study showed that FA with high
degree of fineness exhibited more effectiveness in improving the compressive strength of
concrete than fly ash with low degree of fineness [62, 65-67].
FA also improves the durability of concrete. A study on the resistance of concrete
to the sulfate attack showed that FA was effective in improving the sulfate attack
resistance, and the dosage ranging from 10% to 25% was considered optimal [69]. The
drying shrinkage of concrete can be reduced by the use of FA. A study on the effect of
fineness of FA on the drying shrinkage of concrete showed that the difference in the
drying shrinkage resulted from FA with different fineness was not significant, and w/cm
was still the dominant factors influencing the drying shrinkage of concrete [70]. The
ability of FA in mitigating ASR has been recognized by many studies [45, 71]. The
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underlying mechanisms were considered as dilution effect, pozzolanic reactivity which
resulted in the depletion of calcium hydroxide [72], alkali binding ability [45, 73, 74] and
reduced permeability as a result of more supplemental C–S–H gel produced from the
pozzolanic reaction [75].
From a consideration of producing UHPC, the use of FA can be beneficial from a
workability and economic consideration. However, the slow strength development of
concrete should be of concern.
2.2.1.4 Meta-kaolin
Meta-kaolin is produced from a well-controlled process of de-hydroxylation of
quality kaolin clay within a specific temperature range (650–800 oC) to convert the
crystalline structure to an amorphous alumino-silicate [76, 77]. The process of
manufacturing MK is well controlled, so that most of the impurities in MK are removed
and a high reactivity is achieved [76, 78]. MK can react with calcium hydroxide to form
C-S-H, which is a typical process of pozzolanic reaction [78]. Study has shown that
mixtures containing high-reactivity MK yield comparable performance to SFU mixtures
in terms of strength, permeability, chemical resistance, and drying shrinkage resistance
[77, 79, 80].
Studies on the fresh properties of concrete showed that the use of MK required
almost as much superplasticizer and air-entraining admixture as the silica fume concrete
in order to achieve similar slump and air content [76, 78]. One of the disadvantages of
using MK is that it reduces the workability of fresh mixture [81]. Slightly longer mixing
time has also been observed when MK was used in the UHPC formulation [82]. The
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initial and final setting times of the MK concrete were decreased than those of the control
and silica fume concretes, and the bleeding of the MK concrete was negligible [76, 78].
The use of MK has also been observed to accelerate the cement hydration [83, 84]. The
maximum temperature reached during the hydration of cement with the presence of MK
was higher, and this maximum temperature was reached earlier than that of the control
and the silica fume concretes [76, 78].
As for the compressive strength of concrete using MK, contrary experimental
results exist in the literature. Many studies showed that the addition of MK at dosages of
5%, 10%, and 15% by mass of cement improved the compressive strength of concrete
[76, 78, 85]. Refined micro structure of concrete with the presence of MK was observed
[85]. Also, at early ages, concrete with MK presented faster strength development [76,
78]. However, the decrease in the later age compressive strength was also observed for
concrete using MK [86]. The study showed that the total porosity decreased up to 28 or
56 days of curing age for concrete using MK [86]. But, above this age, the total porosity
of MK mixes tended to increase with respect to the concrete without MK [86]. One of the
proposed explanations was that the consumption of MK for pozzolanic reaction left
porosities which were previously occupied by the MK particles in concrete [86].
However, the mechanism underlying this phenomenon has not been fully understood.
As for the durability of concrete using MK, the general knowledge is that MK
improves the durability of concrete. As shown in a study, the resistance of the MK
concrete to the penetration of chloride-ions was significantly higher than that of the
control concrete, but similar to that of the silica fume concrete [76]. The MK concrete
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showed excellent performance under the freezing and thawing cycling. The performance
of the MK concrete subjected to the de-icing salt scaling test was similar to that of the
silica fume concrete, but was marginally inferior to the control concrete [76]. MK has
been found to reduce the early age autogenous shrinkage of concrete measured from the
time of initial set, and the reduction in the autogenous shrinkage is greater at higher
replacement levels [79]. However, the long-term autogenous shrinkage measured from 24
hr after mixing increases significantly for the MK concretes with a reducing trend at
higher replacement levels [79]. Compared with the control concrete, the major part of the
total shrinkage of the MK concretes is constituted by autogenous shrinkage, and the
smaller part is drying shrinkage [79]. This is not influenced by the replacement level.
Total creep, basic creep and drying creep of the concrete are greatly reduced due to the
use of MK, particularly at higher replacement levels [79]. The incorporation of MK also
improve other durability of concrete, such as resistance to acids and sulphates and
prevent alkali-silica reaction [80].
From a consideration of producing UHPC, the use of MK can be beneficial from
an early age strength. However, the reduction in the workability of fresh concrete due to
the use of MK needs to be solved. Considering the effect of FA in improving the
workability of concrete, the combined use of MK and FA would be a potential path of
using MK and FA in UHPC.
2.2.1.5 Ternary or quaternary use of SCMs
The ternary or quaternary use of SCM with portland cement is to limit the side
effect of binary use of SCM and portland cement on the properties of concrete. for
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instance, studies on the use of ternary blend of FA, MK and portland cement in
conventional strength concrete has shown that the retardation and strength loss of
concrete in early ages due to the use of FA can be compensated by the use of MK, and
the reduction in workability of fresh concrete resulted from the use of MK can be limited
by the use of FA [81, 87]. Another example is that for concrete containing binary blend
of SFU and portland cement the increase in the drying shrinkage due to the use of SFU
can be eliminated by ternary and quaternary blends of SFU, FA, MK and portland cement
[88].
2.2.2 Inert fillers
Inert fillers refer to powder materials that do not present pozzolanic reactivity at
ambient temperature, such as silica flour, ground quartz and stone powder. Inert filler is
produced by grinding quartz into fine powder. SFL has been used in concrete in two
ways. The first way is to use it as micro filler to improve the gradation of the component
materials of concrete and achieve high packing density of the concrete mixture [8].
Another way is to use it at certain high temperature to let it present chemical reactivity
and improve the strength of the concrete mixture [16].
SFL’s fine particles physically improve the gradation of the aggregate and
reduces the permeability of concrete [89-91]. Studies showed that these fine particles also
promoted the rate of cement hydration physically, and increase the early-age strength of
cement paste [15, 90, 91]. In these studies, fine inert silica was incorporated into concrete
either as mineral admixture replacing part of the cement, or as fillers replacing part of the
fine aggregate. The test results under ambient temperature curing showed significantly
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higher compressive strength of mixture with proper amount of inert silica than the control
without inert silica at early ages, but insignificant difference in compressive strength at
later ages. Studies on the heat evolution of cement hydration found that the higher
compressive strength at early ages was because of the accelerated degree of hydration
[15]. It was believed that the accelerated degree of cement hydration by inert silica was
due to the accelerated crystallization of portlandite [15, 90, 91]. Specifically, the particles
of fine inert materials provided a large amount of substrates surface for portlandite to
crystallize at early stages of cement hydration [15, 90, 91]. However, the effect of SFL on
the properties of UHPC under ambient temperature has not been fully understood.
Studies have shown that at a temperature of 250 oC, SFL with mean particle size
of 10 µm can react with amorphous hydration products of portland cement to form crystal
hydrates, such as xonotlite [16, 17, 92]. The resulting cementitious compounds with
CaO/SiO2 ratio equal or less than 1 presented higher compressive strength and lower
permeability [16, 17, 92]. This is the reason that SFL has been used in UHPC proportion
to achieve high compressive strength under elevated temperature.
2.2.3 Chemical admixtures
2.2.3.1 High range water reducing admixture
High range water reducing admixture (HRWRA) is used to improve the
workability of concrete, and it is especially critical for concrete with very low w/cm. The
traditional types of HRWRA, such as lignosulfate formaldehyde based HRWRA, have
problem of slump loss which is getting more significant when the w/cm of concrete is
decreasing [93]. Re-tempering or re-dosing have to be used to deal with the slump loss
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[93, 94]. Polycarboxylate based HRWRA is the newest type of HRWRA which is more
efficient in improving and maintaining the workability of fresh concrete even at low
w/cm [93, 95-97]. Several studies have been focused on modifying the molecular
structure of HRWRA to produce highly efficient HRWRA [95-97].
When selecting commercial polycarboxylate-based HRWRA products, the
average molecular weight of the HRWRA is one of the important concerns. Generally the
larger the average molecular weight, the better the HRWRA performs [12, 98]. For a
given HRWRA, higher dosage usually gives better workability. However, excessive
dosage of HRWRA is not preferred as the price of such admixture is very high. Other
problems such as severe set-retardation and slow compressive strength development of
concrete can occur due to the overdosed HRWRA [12]. This will be a severe problem, if
the concrete material is for rapid structure repair. It is always important to identify an
optimal range of HRWRA dosage for specific type of cement, type of HRWRA and
structural application purpose.
2.2.3.2 Other chemical admixtures
The other types of chemical admixtures include shrinkage reducing admixture
(SRA) which is used to decrease the shrinkage behavior of concrete, and accelerator
which is used to achieve high early age strength of concrete. As it is known, UHPC has
high cement paste content which is the main cause of significant drying shrinkage or
autogenous shrinkage of concrete. Excessive shrinkage of UHPC material may result in
undesired early cracks in the structures. Therefore, the dimensional stability is an
important concern of UHPC. SRA has been used in UHPC to reduce the drying shrinkage
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as reported in literature [5, 11, 99]. The mechanism of SRA in reducing shrinkage is
understood that SRA can reduce the capillary pressure of the pore solution in the
microstructure of concrete [12]. However, the use of SRA reduces the early age
compressive strength of the UHPC mixtures [5]. As for the applications of rapid repair
construction, UHPC with high early age strength is preferred. A method of improving the
early age compressive strength of UHPC in presence of SRA is needed. Chemical
accelerator accelerates the process of setting and strength development of concrete. It is
used to speed up construction and allow the structure to carry load early. However,
studies have found that it can lower the 28-day compressive strength of concrete [12].
Proper dosage of chemical accelerator is important to achieve early age strength but have
limit effect on the 28-day compressive strength. The use of SRA and chemical accelerator
has strong potential in developing UHPC with desired properties.
2.2.4 Water
Water participates in the process of portland cement hydration and the process of
pozzolanic reaction. The requirement on the water quality as described in ASTM C94
include suspend solid content, organic impurities content, dissolved sulfate and chloride
content et al. However, the quality of water is not a big issue during the production of
concrete, as municipal water is good enough for use. The main concern of water in
concrete is the water content which is expressed as water-to-cement ratio (w/c) or waterto-cementitious materials (w/cm) ratio. Low w/cm (i.e. <0.25) is preferred for producing
UHPC as the compressive strength of concrete increases with the decrease in the w/cm
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[4, 5, 7-10]. However, low workability of UHPC becomes an issue as the w/cm
decreases. Therefore, high dosage of HRWRA is needed to improve the workability.
2.2.5 Aggregate
Aggregate occupies the major volume of concrete mixtures. The properties of
aggregate, such as type of aggregate, the maximum aggregate size, the particle size
distribution, and the aggregate to cement ratio, affect the workability, compressive
strength and durability of concrete [12, 100]. Low w/c and high content of HRWRA
result in UHPC with a sticky consistency even at high workability, which is different
from normal cementitious mixtures [12, 48, 101]. Low w/c also decreases the risk of
segregation by lowering the difference in density between aggregate and paste [102].
Both of these two factors reduce the chance of segregation [101, 103, 104].
To produce concrete with high compressive strength, the preferred aggregate is
expected to have strong texture and limited chemical reactivity. Siliceous aggregate is
one of the examples of strong and chemically stable aggregate. A study has shown that
the highest compressive strength values of concrete can be achieved by using quartz
aggregate, followed by basalt aggregate, volcanic rock and limestone [7]. Chemically
stable aggregate presents reduced chance of chemically deleterious reaction in UHPC,
such as ASR.
UHPC usually does not contain coarse aggregate. Many studies have confirmed
that concrete with fine aggregate achieve higher compressive strengths than the one with
coarse aggregate [7]. In many studies related to UHPC, the maximum grain size of fine
aggregate is less than 1 mm [7, 11]. Fine aggregate gradation with the high compaction
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density was believed to be preferred for developing UHPC [7, 8]. The high compaction
density indicates denser structure of concrete and less defect in concrete, which will
guarantee high compressive strength and durability of concrete [7, 8]. However, studies
have found some advantages in using coarse aggregate. A study showed that concrete
matrix with coarse aggregates demanded less water to achieve comparable spread values
in comparison to matrix with only fine aggregates [7]. Another study showed that the
autogenous shrinkage could be reduced considerably by including a basalt coarse
aggregate with an aggregate size ranging from 2 to 5 mm [105].
Fine aggregate content which is usually expressed as sand-cementitious material
(s/cm) ratio by mass affects the workability and compressive strength of UHPC. A
comprehensive study on the effect of sand content on the properties of normal strength
mortar showed that increasing sand content decreased the workability of mortar, and the
increasing sand content might increase or decrease the compressive strength depending
on the use of HRWRA [106]. Generally, it is preferred to increase the sand content of
concrete to get more cost efficient concrete formulation. But excessive sand content
cause problems such as increasing risk of sacrificing workability and strength. It is
important to find out the optimal sand content of concrete for specific application. Sandcementitious material ratio ranging from 1 to 1.4 has been found to be the optimal range
of UHPC in studies [7-9, 107].
The increasing sand content of concrete also improves the durability of concrete.
Study found that the chloride ion permeability was decreased as the sand content
increased up to certain point, but above this point the permeability was increased [12,
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108]. The decreased permeability was attributed to the deceased volume of cement paste
which was more permeable than sand particles, but the increase permeability was
attributed to the increased volume of interfacial transition zone (ITZ) as sand content
increased [12, 108]. As it is widely known, ITZ which surrounds sand particles has
higher porosity than the cement paste. If sand content goes up to certain point when
adjacent ITZs start to percolate, the permeability of the whole structure of concrete
increases significantly [12, 108]. An increase in the sand content was also found to
reduce the drying shrinkage of concrete [12]. The reduction in drying shrinkage as sand
content increased was likely because of the reduced volume of cement paste which was
the main component resulting in shrinkage under drying [12].
2.2.6 Reinforcing fibers
Carbon fiber, polymer fiber, and steel fiber have been used to develop UHPC.
However, steel fiber is the most widely used fiber among others. Configurations of some
types of steel fibers are shown in Figure 2.1 [109].

a. Straight smooth; b. Hooked; c. High twisted; d Low twisted
Figure 2.1 Types of the steel fibers used in UHPC: [109]
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The use of fibers improves the tensile strength and ductility of the UHPC
materials due to their ability of retaining the propagation of cracks in concrete. As
observed in the past studies, the failure mode of high-strength concrete under
compression was changed from a brittle and explosive failure mode to a ductile failure
mode with the presence of fiber [11]. Fiber reinforced UHPC with compressive strength
up to 292 MPa, post-crack tensile strength up to 37 MPa and strain at peak stress up to
1.1% were obtained at the age of 28 days [109]. The compressive strength of the concrete
can be increased in the presence of fibers, but not as much as the increase in the tensile
strength. A study showed that the use of micro steel fiber increased the compressive
strength of the concrete by 25% [5]. Other studies found that the use of steel fibers could
improve the post-crack tensile strength of UHPC more that 100% [5, 110].
The strength of the fiber, the fiber aspect ratio, bond between matrix and fiber, the
fiber volume fraction, and fiber distribution are the main factors affecting the properties
of fiber reinforced concrete. The fiber with high strength is always preferred. In study the
tensile strength of fiber used for developing UHPC went up to 2100 to 3160 MPa [11,
111]. The fiber with length to diameter ratio about 65 to 90 has been found to have a
good pull-out resistance and does not decrease the workability of fresh concrete
significantly [11, 111]. A study on the fiber shape showed that the addition of 1.5% of
high strength twisted steel fibers by volume in UHPC led to a post-cracking tensile
strength of 13 MPa, which was 60% higher than that of UHPC using smooth fibers, and
also to a tensile strain at peak stress of 0.6%, which was about three times that of UHPC
using smooth fibers [109]. Roughened, deformed or hook fiber provide good bond with
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the matrix, but the workability of the finished concrete can be decreased, and a balance
between adequate bond and good workability is preferred [111]. The dosage of fibers use
in the past studies typically ranges from 0% to 10% by volume of the total mixture [4, 7,
112]. Due to high material costs of steel fiber, the optimal fiber content needs to be
determined for a cost efficient UHPC. Alternative types of cheaper fiber for UHPC are
also preferred from a consideration of the economic cost. The distribution of fibers in
concrete mixture is desired to be uniform. Any clumps of fibers should be prevented.
One of the problems of using steel fibers is the segregation. As the specific
gravity of steel is 7.8, while the specific gravity of non-fiber concrete is about 2.4, the
steel fibers tend to sink. Aggregate can be helpful to reduce the segregation of steel
fibers. Thus the interaction between sand content and steel fiber content in UHPC is
important from a consideration of segregation of steel fiber. However, there is limited
information on this topic.
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2.3 Mixing and Curing Methods of UHPC
Fresh UHPC mixture has cohesive and sticky nature mainly due to the low w/cm
and use of HRWRA. A high-energy output mixer is required to produce a fresh UHPC
with good consistency. The high-energy output mixer, such as IMER® Mortarman 750
mixer is more expensive than normal mixer [113]. Such special requirement on the mixer
is one of the reasons of the high economic cost of UHPC. The sequence of mixing is
important to prevent overloading the mixer and achieve good workability of UHPC. The
general sequence is that: first, dry mix the cementitious material with aggregate so that
the clump of cementitious material can be break down by the shear action among
aggregate particles; second, the HRWRA is added and dry mixing continues until all the
dry component materials are mixed thoroughly; at last, the mixing water is added [4]. The
actual mixing procedures may vary. For some type of mixer having limited energy
output, over loading may occur because of the sticky fresh concrete mixture. In such
case, mixing procedures which can relieve the loading on the mixer should be followed.
One of the examples as reported in a literature is that half of the total component
materials are mixed firstly following the procedures discussed above. After the fresh
mixture reaches a fluid state, the rest of the component materials are added [9].
Generally, UHPC mixtures require longer mixing time than conventional concrete, which
may go up to 15 to 20 minutes [5]. Expensive equipment, complicated mixing procedures
and long mixing time increase the economic cost of UHPC.
The properties of UHPC are significantly affected by the method of curing.
Generally, higher curing temperatures resulted in higher compressive strengths. Steam
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curing is one of the frequently applied curing methods in the previous studies to improve
the properties, such as compressive strength of UHPC. A study has been conducted on
the effect of curing method on the properties of UHPC using three curing conditions
which are steam curing at 90 °C for 48 hours starting at 24 hours after casting; steam
curing at 90 °C starting at 15 days after casting; and ambient temperature laboratory
curing [11]. The results showed that all the steam curing methods increased the
compressive strengths, modulus of elastic and abrasion resistance, but decreased the
creep, drying shrinkage, and chloride ion penetrability [11]. Another study showed that
the heat curing at various temperatures between 65 and 180 °C could produce concrete
with 28-day compressive strength as high as 280 MPa compared with concrete cured at
20 °C having compressive strength of 178 and 189 MPa [114]. Also the steam curing
accelerates the early age strength development of UHPC [11, 115]. UHPC with
compressive strengths higher than 200 MPa at an age of 24 hours can be prepared after 8
hours storage at 20 °C followed by 8 hours at 90 °C in water [115]. Considering the
difficulty of applying special treatment in the field, some of the recent studies try to
produce UHPC at ambient temperature and pressure curing [5, 8, 9].
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2.4 Material Properties of UHPC
2.4.1 Workability
UHPC is expected to be self-consolidating, as it is mainly used in the construction
with narrow formwork and dense reinforcement, and it usually has steel fiber which is
not safe to handle. Therefore, workability is one of the most important properties of
UHPC. The test method for the workability of UHPC varied among different researchers.
The test results from different test method are not comparable. One of the widely used
test methods is modified from the standard ASTM C1437 as UHPC generally includes no
coarse aggregate. In this method the fresh UHPC sample is allowed to spread freely on a
steady leveled platform, instead of being dropped on a flow table for 25 times as per
ASTM C1437. The test result which is referred to as flow value indicates the workability
of the UHPC. Study using this test method has developed UHPC with flow value of at
least 150%, without noticeable segregation [5]. Another study using similar test method
has found that the preferable flow value for UHPC is in the range of 180% to 240% [7].
Higher flow value than this range is not preferable since it may significantly increase the
amount of entrapped air and reduce the compressive strength of UHPC [7].
The segregation and bleeding are not likely problems to non-fiber UHPC, since it
has a sticky consistency even at high flow, and the difference in density of paste and
aggregate is small [12, 48, 101]. However, when steel fibers are presented, the
segregation may become an issue as the specific gravity of steel is much higher than that
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of cementitious mortar. However, there is few systematic information in the literature
regarding the segregation of steel fibers in UHPC.
The bleeding of fresh UHPC does not likely occur as SFU is commonly presented
in the mixture formulation and makes the fresh mixture sticky [48].
2.4.2 Time of setting
The time of setting of UHPC is generally evaluated by penetration test method,
such as AASHTO T197 and ASTM C403. In these methods, the initial and final time of
setting are determined by finding the durations for UHPC to achieve defined penetration
resistances.
UHPC may have much longer time of set than conventional concrete due to the
high HRWRA content. In a study using AASHTO T197 method, the initial setting times
ranging from 70 minutes to 15 hours, and the corresponding final setting times ranged
from 5 to 20 hours for different UHPC formulations. In another study, the time of final
setting went up to 16.4 hr due to the use of high dosage of HRWRA and SRA [9].
In some of the study, the behavior of setting of UHPC is very different from
conventional concrete. As observed in a study, UHPC tends to exhibit virtually no setting
within an long initial stage of hydration, say at least 12 hours [11]. At some point of
timetable, the mixture begins to set and quickly reaches both initial and final set [11].
Time of set is important for applications where the UHPC is expected to achieve
required strength with a relatively short time. The use of accelerators is one of the
solutions to counter severely delayed setting. Other methods include elevated temperature
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curing which has been proved that the both the initial and final set are significantly
reduced by higher curing temperature [116].
2.4.3 Compressive strength
Compressive strength is the most frequently measured properties of UHPC. So
far, UHPC with compressive strength over 150 MPa has been developed in some
universities and research agencies. Since no standard test method has been developed for
UHPC, specimens with different dimensions have been used in those studies, and the
curing method and testing method varies a lot. The difference in the test methods
includes specimen size, curing temperature, loading rate, capping methods. Thus, it is
important to clarify the experimental methods when comparing the compressive strength
test results of UHPC from different researchers.
As for the dimensions of the specimens, the smaller the size of the specimen the
higher the compressive strength is observed. In U.S., the widely used compressive
strength test is conducted on cubic specimen with dimensions of 50 mm × 50 mm × 50
mm for mortars and pastes, and on cylindrical specimen with diameter ranging from 50
mm to 200 mm and length ranging from 1.8 to 2.2 times the diameter (mostly 2 times the
diameter) for concrete. Since UHPC has superior high compressive strength and no
coarse aggregate incorporated, smaller dimension specimen is frequently used mainly due
to the limitation on the loading capacity of tester. Studies on developing UHPC without
heat curing or pressure curing showed UHPCs having compressive strength over 150
MPa based on the cubic specimens with dimensions of 50 mm × 50 mm × 50 mm [8]. A
study focused on the effect of specimen size on the measured compressive strength. The
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investigated specimens included three types of cylindrical specimens with dimensions of
50 mm, 75mm, 100 mm in diameter, and 100mm, 150mm and 200 mm in length,
respectively, and two types of cubic specimens with 50mm in width and 100 mm in
width, respectively [11, 117]. It was found that the cylinders with different diameters
appeared to have similar compressive strength, but the cubes had compressive strengths
about 5% higher than the cylinders [117]. Another study of developing UHPC with steam
curing at 90 oC found that cubes with dimensions of 50 mm, 70 mm and 100 mm showed
decreasing compressive strength as the dimensions of cubes increased for both UHPC
with and without reinforcing fibers [110].
The loading rate of compressive strength has been recognized to impact the test
results for conventional concrete [12]. As described in the ASTM C39, the loading rate
for cylinder is 0.28 MPa/s. However, if the UHPC cylinder with compressive strength of
150 MPa is tested at such a low rate, it would take as long as 9 min to finish testing on
one specimen. A study on the effect of loading rate on the test of UHPC under
compression showed that loading rates between 0.24 and 1.7 MPa/s had no noticeable
effect on the measured compressive strength, modulus of elasticity, and Poisson’s ratio
[11]. If this conclusion is true, the loading rate for testing UHPC can be set at a high end
in such range of loading rate to save time of testing.
The loading surface condition is another factor affect the measured compressive
strength. If cylindrical specimen is used for study, the polymer pad is not suitable for
UHPC which is stated in the ASTM standard that the polymer pad is only good for
concrete with strength lower than 83 MPa. In the past research, two methods were used
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for testing cylindrical specimen: applying high strength capping material to form bond
capping or grinding the two ends of the specimen to a smooth and parallel condition
before test [4]. However, the effect of loading surface condition on the measured
compressive strength of UHPC has not been fully recognized, and the equipment for
preparing the loading surfaces is not easily available to many researchers. Cubic
specimen which does not have the loading surface problem is preferred for investigating
the compressive strength of UHPC.
2.4.4 Tensile strength
UHPC exhibits much higher tensile strength than conventional concrete, and the
tensile failure mode tends to be brittle the fiber is absent. Generally, the tensile strength
of UHPC was evaluated by methods including direct tensile test, split tensile test and
flexural strength test. Similar to the compressive strength, the widely used test methods
for tensile strength of UHPC are developed from the test method for the conventional
concrete, mostly derived from standard method such as ASTM C78 (third point flexural
strength of concrete) and ASTM C496 (splitting tensile strength). A standard method for
UHPC has not been developed.
As recognized in many studies, the strain-hardening phenomenon of fiber
reinforced UHPC is significant. Therefore, the tensile strength of UHPC has been
reported by two values, first-crack/pre-crack tensile strength and post-crack/peak tensile
strength. The standard tensile test methods designed to assess the cracking strength of
conventional concrete were considered appropriate for assessing the pre-crack tensile
strength of UHPC, but are unlikely to be appropriate for quantitatively assessing the post-
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cracking tensile strength of UHPC [11]. The reason is that those methods include
assumptions of mechanical behaviors that are not consistent with strain-hardening fiber
reinforced concretes and thus are likely to overestimate the tensile strength of the UHPC
[4]. As described in some research on UHPC, the tensile behavior of UHPC was studied
by following ASTM C1609 which was developed for fiber reinforced concrete [109]. It
could capture the pre-crack tensile strength and post-cracking tensile strength. Similar to
the situation of the compressive strength test, there is no unified test method on the
tensile strength of UHPC has been developed. The difference in the tensile strength test
methods induced by factors like loading condition, specimen size and curing condition
should be noted.
For the study using direct tensile strength test, ultimate stress of 37 MPa was
achieved for UHPC specimens having square cross section of 50 mm × 50 mm under
ambient temperature curing, by mixing a cementitious matrix having a compressive
strength in excess of 240 MPa with high quality high strength twisted steel fibers at a
volume fraction of 5% [109]. It was also found that the tensile strength and the tensile
strain at peak stress was increased by increasing the compressive strength of the
cementitious matrix, tailoring the fiber geometry by shaping and twisting the fiber, or
increasing the fiber volume fraction within a proper range [109]. A study using Briquet
test specimens (AASHTO T 132) showed that the cracking loads was lower than the postcrack peak loads [113]. This indicated that the fibers contributed to the post-cracking
tensile strength, while once the peak load was reached the specimens were unable to
continue to resist load [113].
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For the flexural strength test of UHPC, a study using ASTM C1609 third point
loading on specimens cured at ambient temperature with square cross section of 50 mm ×
50 mm showed that that the ratio of post-crack flexural strength to post-crack direct
tensile strength of UHPC ranges between 2.4 and 2.65 [109]. In a study using 75 mm
square cross section third point flexural test (ASTM C78), UHPC using local material
was developed under ambient temperature curing with post-crack flexural strength of 25
MPa [9]. The size effect on the test flexural strength was also studied. Research has
shown that the tested post-crack third-point flexural strength from 100 mm square cross
section and 150 mm square cross section were almost identical, which was illustrated by
the test results that the 100 mm square cross section only showed 6% higher flexural
strength than the other [118]. Graybeal reported a UHPC with pre-crack flexural strength
of approximately 9.0 MPa for steam-cured specimens and approximately 6.2 MPa
without any heat treatment [11]. In another study, the depth of the specimens for both
flexural and direct tension tests ranged from 25 to 150 mm with width-to-depth ratios
ranging from 1 to 5, and the authors reported a decrease in both strengths with increasing
size of the test specimens [119]. More study found that the post-crack flexural tensile
strength of the 40 x 40 x 160 mm prisms was 1.47 times higher than that of the 100 x 100
x 300 prisms [110].
For the study of splitting tensile strength, the post-crack splitting tensile strength
was significantly improved with increasing fiber volume fraction. As study showed, the
post-crack splitting tensile strength of cylindrical specimen with dimensions of ϕ150 mm
× 300 mm was 19.0% to 98.3% higher than that of control (contained no fiber) for the
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fiber content from 0.5% to 2.0%, and the achieved post-crack splitting tensile strength
was 11.5 MPa when the fiber content was 2% [120]. In a study using 75 mm diameter
cylinder with length of 150 mm (ASTM C496), UHPC cured under ambient temperature
using local material was developed with post-crack splitting tensile strength of 15 MPa
[9]. A study measured splitting tensile strengths at first cracking were 11.7 MPa for
steam-cured specimens and 9.0 MPa for untreated specimens [4].
2.4.5 Modulus of elasticity
For evaluating the modulus of elasticity of UHPC, The widely used test method is
ASTM C496 which was conducted on a cylindrical specimen with diameter of 100 mm
and length of 200 mm. The modulus of elasticity of UHPC is typically around 50 GPa [4,
5]. A study on the effect of curing regimes on the modulus of elasticity of UHPC showed
that at the age of 28 days the modulus of elasticity was 52.8 GPa for steam-treated, 42.8
GPa for untreated, 51.0 GPa for tempered steam-treated, and 50.3 GPa for delayed steamtreated UHPC [11]. It was also observed from this study that the development of modulus
of elasticity of UHPC had good correlation with the development of compressive strength
of UHPC [11]. For specimens without steam curing, the modulus of elasticity increased
with curing age from 1 day to 28 days, as well as the compressive strength of UHPC [11].
For specimens with steam curing, the curing process accelerated the development of the
compressive strength, and whenever the compressive strength reached a steady value the
modulus of elasticity also became steady, and no significant further increase was
observed [11].
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Other study also observed that the modulus of elasticity of UHPC specimens with
dimensions of ϕ150 mm × 300 mm was about 50 GPa at the age of 28 days, and the use
of silica fume, steel reinforcing fiber, or shrinkage reducing admixture did not show
significant impact on the modulus of elasticity of UHPC at the age of 28 days [5, 9].
2.4.6 Bond strength
Adequate bond between UHPC and precast concrete is critical to the integral
performance of structures using UHPC for the construction of connections. The bond
strength depends not only on the inherent characteristics of the two adjoining concrete
mixtures and but also on the surface conditions of the substrate concrete such as its
surface texture, cleanliness (or absence or presence of any surface coatings) and its
moisture content. Also, the magnitude of the bond strength is also dependent on the test
method employed. Typical test methods used to determine bond strength between UHPC
and precast concrete include slant-shear test (ASTM C882) and pull-off test (ASTM
C1583) which evaluate the bond performance between the two materials under shear and
direct tension, respectively. Splitting tensile test has also been used to evaluate bond
performance between two concrete mixtures under indirect tension [121, 122].
Several studies have been conducted in the past to evaluate the test methods and
the surface roughness on the bond strength. In a study, the influence of surface roughness
on the bond performance between UHPC and normal strength substrate concrete was
evaluated with three different bond test methods: splitting tensile test, slant-shear test and
pull-off test [121]. The substrate concrete surface conditions included sawed, brushed,
chipped, sandblasted and grooved surface [121]. Macro-texture depth test according to
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ASTM E965 was conducted to evaluate the degree of roughness of textured substrate
concrete surface. The results showed that the roughness of the substrate concrete surface
was not a critical factor to obtain a good bond when the substrate surface was in saturated
surface dry condition [121]. This was attributed to an assumption that a saturated
substrate concrete surface helped to generate hydration products and create a high
cohesion between UHPC and substrate concrete, as a considerable amount of un-hydrated
cement presented in UHPC [121]. When the substrate surface was ambient dry, debonding failure mode likely occurred when the substrate surface was not roughened
sufficiently [121]. However, a very different phenomenon was observed in a study on the
bond strength between conventional concrete substrates and UHPC toppings cured with
steam, where samples in which the substrate was saturated before placing the UHPC
achieved higher bond strengths than samples with a dry substrate [123].
Another study on the bond performance between UHPC and substrate concrete
was carried out with two different bond test methods: slant-shear test and splitting tensile
test [122]. The conditions of the substrate concrete surface included as cast without
roughening, sand blasted, wire brushed, drilled holes and grooved surface [122]. The
results showed that the highest bond strength was achieved by using sand blasted surface,
and the failure always occurred at the substrate concrete in both the bond test methods
[122]. The other four surface conditions did not provide adequate bond as some of the
specimens exhibited de-bonding failure in either of the two bond test methods, even when
the substrate concrete surface was in saturated surface dry condition [122]. However, one
of the shortcomings of this study was that it did not provide quantitative surface
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roughness measurement on the different roughening methods [122].

Another

shortcoming of the previous studies on evaluation of the bond strength is related to the
test methods employed in the investigation. Test methods such as slant shear test, split
tensile and pull-off tests represent shear or indirect or direct tensile stress conditions,
which do not reflect flexural tensile stress conditions that are expected in shear key
connections.
From the perspective of the effect of the component materials on the bond
performance between UHPC and precast concrete, the use of silica fume was found to
increase the bond strength, but the use of steel fiber and shrinkage reducing admixture
did not show impact on the bond strength between UHPC topping and precast
conventional concrete substrate in slab pull-off test [5, 9].
2.4.7 Chloride ion permeability
The chloride ion permeability of UHPC has been studied by standard test
methods. The most frequently used standard test method used is ASTM C1202 (rapid
chloride penetration method -RCP). One of the main advantages of this method is
obtaining results within a relatively short duration of time. This test evaluates the
resistance of a concrete sample to the chloride ion penetration by measuring the amount
of electrical current that passes through a 50 mm thick slice of concrete in 6 hours. The
less amount of ion passing through the specimen, the lower the permeability of the
specimen has. The chloride ion permeability of UHPC has been found to be very
minimum in many studies [5, 9, 11]. The densified micro structure of UHPC due to the
low w/cm and high content of SCM were considered the reasons for the observed
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minimum permeability [5, 9, 11]. In a study using w/cm of 0.2 and silica fume content of
20% by weight of cement, the observed chloride ion passed of UHPC cured under
ambient temperature was 64 coulombs following ASTM C1202 at the age of 28 days [9].
Charge passed less than 100 coulombs was classified as negligible according to the
category in ASTM C1202. Another study using ASTM C1202 method found that the
charge passed was less than 40 coulombs at 28 days for steam cured specimens, and the
charge passed was 360 and 76 coulombs at 28 and 56 days, respectively, for ambient
temperature cured specimens [11]. However, one of the shortcomings of ASTM C1202
method is the correlation between electrical resistivity and the RCP results, which makes
this method sensitivity to the presence of conductive reinforcing fibers in the concrete.
When the conductivity of sample is high, the chloride ion permeability measured from
this test would be significantly high [9]. Joule effect has been used to explain the relation
between conductivity and RCP result, which indicates that the increase in the temperature
of sample increase the mobility of ions in the pore solution [124]. Thus more charge
passed is observed for sample with higher conductivity.
Another standard test method is AASHTO T259 which does not involve the use
of electric current. This test evaluates the depth of the penetration of chloride ions in the
concrete specimen ponding in the chloride ions rich solutions. This test method can
eliminate the impact of conductive fibers on the test results. However, one of the main
shortcomings of this test is that it takes about 2 month to get results. If the UHPC has
very less permeability, no significant results can be observed even after 90 days test [11].
This method is not widely used for research on UHPC.
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2.4.8 Shrinkage
The shrinkage behavior of UHPC includes drying shrinkage and autogenous
shrinkage which are resulted from different mechanisms. Drying shrinkage is caused by
loss of moisture from the UHPC. The widely used test method for the drying shrinkage of
UHPC is ASTM C596. This test is conducted on a specimen with dimensions of
25×25×285mm. A study showed that the use of steel fiber or SRA could significantly
reduce the drying shrinkage of UHPC cured under ambient temperature [9]. If both of
these two components were used together in a mixture with w/cm of 0.2, the achieved
ultimate drying shrinkage of UHPC was 580 micro-strain [9]. Another test method has
been used is ASTM C157. This test is conducted on a specimen with dimensions of
75×75×285mm. A study following ASTM C157 has found an ultimate shrinkage range of
620 to 766 micro-strains for 90 oC steam cured UHPC specimen, and 555 micro-strains
for UHPC specimens cured under ambient temperature [11].
Autogenous shrinkage is caused by the loss of water by the cementitious materials
hydration. A study following ASTM C1698 showed that the use of silica fume, steel
fiber, or SRA could significantly reduce the autogenous shrinkage of UHPC under
ambient temperature [5]. If all these three components were used together in a mixture
with w/cm of 0.2, the achieved ultimate autogenous shrinkage was 290 micro-strains at
the age of 48 hr after the final set [5]. Another study found that during the initial
hydration period, peak shrinkage of 64 millionths/hour was measured [11]. As much as
400 micro-strains of shrinkage occurred in the first 24 hours for specimens cured under
ambient temperature, and by following 90 oC steam curing, further shrinkage was almost
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eliminated [11]. As for UHPC cured under other temperature range, a study reported
autogenous shrinkage of about 270 micro-strains and drying shrinkage of about 100
micro-strains at 350 days on 70 mm diameter cylinders cured at 50 °C [125]. For UHPC
cured at 42 °C, the total shrinkage measured for a mix containing meta-kaolin was
negligible compared with mixes with silica fume or fly ash [126]. To offset the
magnitude of autogenous shrinkage, the use of expansive additive and SRA has been
investigated and an autogenous shrinkage of more than 700 micro-strains would be
reduced to zero [127]. Another similar study reported that total shrinkage at 90 days was
reduced from 800 to 400 micro-strains [128]. Other studies using various test methods
and materials, such as SRA and internal curing agent, found a range of autogenous
shrinkage values which were 600 to 900 micro-strains at 28 days [129], 200 to 550
micro-strains at 150 days [130], and 640 micro-strains at 365 days [131].
2.4.9 Alkali-silica reaction
The study on the ASR of UHPC has been reported in few literature. It is
considered that UHPC is less vulnerable to the ASR deterioration due to the less
permeable micro structure, less free water presented inside the UHPC and the always
presented pozzolans in UHPC [4, 11]. In a study following the test method in ASTM
C1260, less than 0.02% expansion was observed even after 30 days of exposure to the
aggressive environment [11]. The conclusion in this study was that there should be no
concern of ASR problems in UHPC mainly due to the low permeability of UHPC [11].
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2.5 Summaries of Literature Review
Based on the literature, the superior material properties of UHPC have been
recognized. However, challenges also exist in the development of UHPC, which are
summarized as follows:
a.

The development of UHPC under ambient temperature curing has not

been comprehensively investigated.
b.

Most of the research has been focused on the 28 day compressive strength

of UHPC, as the definition of UHPC evaluate 28 day compressive strength a critical
criterion for defining UHPC. However, from a perspective of UHPC application in rapid
construction work, such as shear key in precast highway bridges, the early age (i.e. 1 day)
properties of UHPC are important when the UHPC is aimed to achieve required
properties within a short period. The available literature on the early age properties of
UHPC is still limited.
c.

The alkali content of cement has impact on the properties of concrete,

particularly the alkali-silica reaction. However, there is no available literature related to
UHPC.
d.

The widely used pozzolans for developing UHPC is a low carbon silica

fume. Considering the high economic cost of low carbon SFU, it is important to find
potential substitutes to SFU, such as fly ash and meta-kaolin. However, there are very
few literature on this topic.
e.

Significant research on the properties of UHPC has been conducted when

SFU and SFL have been used together and cured at elevated temperatures. The roles of
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SFU and SFL at elevated temperature have been well studied. However, there is still
limited knowledge on the effect of SFU and SFL combination on the mechanical and
durability properties of UHPC at ambient temperature curing.
f.

The material properties of UHPC under various mixture proportions of the

constituent materials are still not fully understood. More work is needed from both the
perspectives of optimizing properties and reducing economic cost of UHPC. For instance,
a study on the optimal sand content has not been found in the past literature related to
UHPC. Considering the economic benefit of increasing sand content, and the potential
decrease in the mechanical properties of UHPC, it is necessary to have this information to
make rational decision on mixture proportion of UHPC.
g.

The interaction between sand content and steel fibers content in UHPC has

not been studied.
h.

The performance of widely used chemical admixtures, such as chemical

accelerator and viscosity modifying admixtures have not been investigated in UHPC.
i.

The guidelines on the selection of component materials and mixture

proportions of UHPC are limited. More research is needed on this topic.
j.

Information is needed on the bond behavior between UHPC and precast

concrete.
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CHAPTER
3 MATERIALS AND TEST METHODS

This chapter describes the experimental materials and the test procedures used for
study. With the principal objective of this research being to produce UHPC using locally
available materials, many of the materials used in this investigation were from local
sources. The test procedures used in this study included standard ASTM procedures,
modified procedures from standard ASTM procedures and other procedures being widely
used for scientific research.
3.1 Materials
3.1.1 Cementitious materials
3.1.1.1 Portland cement
A Type III portland cement meet ASTM C150 specification was used for
developing UHPC in this study. The cement was from ARGOS Cement Company in
Harleyville, South Carolina. Two batches of cement produced by the same manufacturer
at different time periods were used. The first batch cement was produced in the January
2013. The second batch cement was produced in the June 2014. The chemical and
physical properties of the cement are provided in Table 3.1.
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Table 3.1 Chemical and physical properties of Type III Cement
Oxide content (%)
SiO2
Fe2O3
Al2O3
CaO
MgO
Na2Oeq
SO3
LOI
Blaine’s surface area (m2/kg)
Specific gravity

Batch 1
20.4
3.5
5.0
64.4
1.0
0.49
3.5
1.0
540
3.15

Batch 2
20.5
3.5
4.9
64.1
1.3
0.47
3.6
1.34
540
3.15

3.1.1.2 Supplementary cementitious materials (SCM)
A low carbon content (LOI 2%) SFU with an off-white color was used. Table 3.2
lists the physical and chemical properties of SFU.
Table 3.2 Physical and chemical properties of materials
SFU
Specific gravity
2.2
Specific surface area (m2/kg) 20000 a
Particle size (µm)
0.15 b
Passing 325 mesh (%)
99.8
LOI (%)
2.0
SiO2 (%)
95.5
Fe2O3 (%)
0.3
Al2O3 (%)
0.7
CaO (%)
0.4
MgO (%)
0.5
Na2Oeq. (%)
1.4
a
b
BET-Gas adsorption surface area; Average particle size

Besides SFU, two types of class F fly ash and one type of meta-kaolin were also
investigated as substitutional SCM to SFU. The first type of class F fly ash was regular
fly ash (FA) with an average particle size of 10 microns. The second type of class F fly
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ash was ultra-fine fly ash (UFA) with an average particle size of 3 microns. The average
particle size of meta-kaolin (MK) was 1.4 microns. The chemical properties of fly ash
and meta-kaolin are listed in Table 3.3.
Table 3.3 Physical and chemical properties of materials
Oxide content (%)
LOI
SiO2
Fe2O3
Al2O3
CaO
MgO
Na2Oeq
SO3

FA
2.39
54.1
8.0
27.8
1.3
0.9
2.13
0.16

UFA
1.75
52.4
5.7
23.2
7.49
1.71
1.17
0.8

MK
1.36
50.4
0.45
42.6
0.02
0.16
0.22
0.00

3.1.2 Chemical admixtures
3.1.2.1 High range water reducing admixtures (HRWRA)
Eight different types of poly-carboxylate ester/ether-based HRWRAs were
compared in the initial stage of the study. One of the best performing HRWRA was
selected for use in the later study. The properties of the HRWRAs used in this study are
listed in Table 3.4.
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Table 3.4 Properties of HRWRAs
HRWRA
ID

Product name

Manufacturer

Solid
content ,%

Form

Specific
gravity

Bulk density,
kg/m³

SP1

Glenium® – 7500

BASF

26

Liquid

1.05

--

Lafarge

30

Liquid

1.06

--

Lafarge

22

Liquid

1.04

--

Grace

31

Liquid

1.07-1.09

--

SIKA

40

Liquid

1.0751.085

--

Chryso –
Premia 150
Chryso® –
Optima 203
®

SP2
SP3
SP4

ADVA® 190
®

SP5

ViscoCrete
2100

SP6

Melflux® 2651F

BASF

100

Powder

--

300-600

SP7

Melflux® 6681F

BASF

100

Powder

--

300-600

SP8

Melflux® 4930F

BASF

100

Powder

--

300-600

As shown in Table 3.4, the first five types of HRWRA were in liquid form. The
water content in the HRWRA was subtracted from the mixing water during proportioning
cementitious mixtures. The last three five types of HRWRA were in powder form which
was convenient in proportioning cementitious mixtures.
3.1.2.2 Other types of chemical admixtures
Effect of viscosity modifying admixture (VMA), chemical accelerator and
shrinkage reducing admixture (SRA) on the properties of UHPC were investigated.
Specifically, the chemical admixtures included powder form shrinkage reducing
admixture (Prevent-C from Premier Magnesia) which was basically MgO more than 95%
in the product by mass, liquid form chemical accelerator (Chryso Turbocast 650A,
calcium nitrate based) which had solid content of 47% by mass, liquid form shrinkage
reducing admixture (BASF Masterlife® SRA20 meeting ASTM C494M requirements for
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Type S) and liquid form viscosity modifying admixture (Sika Stabilizer 4R) which had
solid content of 25% by mass.

3.1.3 Fine aggregate
In total three types of sand were used in this study for different research purposes.
A natural siliceous sand from a local quarry was used as fine aggregate for developing
UHPC formulation. The specific gravity, water absorption, and fineness modulus of the
fine aggregate were 2.62, 0.30%, and 2.65, respectively. The LOI of sand is 0.445%. The
influence of this natural siliceous sand on the properties of UHPC was compared with
that of Ottawa sand. An alkali-silica reactive sand named Jobe sand from EI Paso, TX
was used as fine aggregate to study the performance of UHPC under the distress due to
alkali-silica reaction (ASR). The appearances of the sand grains are shown in Figure 3.1.
The three figures in Figure are not in the same scale.

(a) Glasscock sand

(b)

Jobe sand

Figure 3.1 Appearances of the sand
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(c)

Ottawa sand

The influence of natural siliceous sand on the properties of UHPC was studied at
five gradation conditions which are natural gradation, coarse gradation as per ASTM
C33, fine gradation as per ASTM C33, Ottawa sand gradation 1 and Ottawa sand
gradation 2. The coarse gradation and fine gradation as per ASTM C33 were prepared by
modifying the natural gradation of natural sand to a coarse gradation and a fine gradation
in ASTM C33, respectively. These three gradation conditions were compared to study the
effect of gradation of natural sand on the properties of UHPC. The Ottawa sand gradation
1 and Ottawa sand gradation 2 were prepared by modifying the natural gradation of
natural sand to the gradations of two Ottawa sand as purchased. The properties of UHPC
using natural sand were compared with that of UHPC using Ottawa sand under the same
gradation condition. The reactive sand was used under its natural gradation to evaluate
the properties of UHPC subjected to ASR distress. The natural gradation of the natural
siliceous sand and the Jobe sand all met the requirement in the ASTM C33. The
gradations of the sand are listed in Table 3.5.

Table 3.5 Gradation of sand
Percent Passing
NS a Natural NS a Coarse NS a Fine OS b 1 OS b 2 Jobe
9.5-mm
100.0
100.0
100.0
100.0 100.0 100.0
4.75-mm
99.8
97.0
100.0
100.0 100.0 99.4
2.36-mm
97.1
90.0
100.0
100.0 100.0 90.2
1.18-mm
82.0
60.0
82.0
100.0 100.0 67.9
600-µm
41.9
33.0
55.0
0.0
99.3
40.6
300-µm
14.0
10.0
23.0
0.0
22.4
8.6
150-µm
0.5
0.0
10.0
0.0
0.0
0.7
75-µm
0.1
0.0
0.0
0.0
0.0
0.1
c
FM
2.65
3.10
2.30
3.00
1.78
2.93
a
Natural siliceous sand; b Ottawa sand; c Fineness modulus according to ASTM C136
Sieve
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3.1.4 Inert filler
An inert filler-silica flour (SFL)-was used as a substitution of sand in UHPC. The
influencing factors included silica flour content and fineness. Three types of silica flour
having different fineness were used for study here. The properties of the three types of
silica flour are listed in Table 3.6.

Table 3.6 Physical and chemical properties of silica flour
SFL1 SFL2
SFL3
Specific gravity
2.65
2.65
2.65
2
b
b
Specific surface area (m /kg) 5000
1900
910 b
Particle size (µm)
1.6 d
8.0 d 40~250 e
Passing 325 mesh (%)
99.996 99.7
79
LOI (%)
0.443
SiO2 (%)
99.2
99.5
99.5
Fe2O3 (%)
0.035 0.024
0.022
Al2O3 (%)
0.3
0.3
0.3
TiO2 (%)
0.02
0.01
0.01
CaO (%)
0.03
0.02
0.02
MgO (%)
0.01
0.01
0.01
Na2Oeq. (%)
0.02
0.02
0.02
3.1.5 Reinforcing micro-fibers
The fibers used for study included steel microfibers (SMF) and Polyvinyl Alcohol
microfibers (PVAMF). Their dimensions were the same, which were 13 mm in length
and 0.2 mm in diameter. The specific gravity and ultimate tensile strength of SMF was
7.8 and 2000 MPa, respectively. The specific gravity and ultimate tensile strength of
PVAMF was 1.3 and 1200 MPa, respectively. The appearances of the two types of fibers
are shown in Figure 3.2. The two figures in Figure 3.2 are not in the same scale.
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(a)

Steel microfibers

(b)

Polyvinyl Alcohol microfibers

Figure 3.2 Reinforcing fibers used for study of UHPC

3.1.6 Sodium hydroxide
A reagent grade sodium hydroxide (NaOH) in pellet form was used for two
purposes. For the study on the effect of alkali content of cement on the properties of
UHPC, NaOH was used to boost up the alkali content of the virgin cement. For the study
of ASR distress in UHPC, NaOH was used to prepare a 1 normal (1N) solution for
soaking the specimens.
3.1.7 Precast concrete
Precast concrete was prepared to study the bond performance between UHPC and
precast concrete. The mixture proportions of the precast concrete are given by
manufacturer and shown in Table 3.7.

Table 3.7 Mixture proportions of precast concrete (kg/m3)
Type I cement Fly ash Coarse aggregate Fine aggregate Water HRWRA
433
64
964
775
161
3.0
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3.2 Test Methods
3.2.1 Workability
Two test methods were used for measuring the workability of paste, mortar or
UHPC (see Figure 3.3).
The first method was standard ASTM C1437 test method, using the flow table.
The second method was modified from standard ASTM C1437 method. In this
method the fresh UHPC was allowed to spread freely on a level plastic plate, instead of
being dropped on a flow table for 25 times. When the mixture stopped spreading (about 5
min after the removal of the flow mold) the diameter of the mixture was measured for
calculating the flow described in ASTM C1437.

a. Standard ASTM C1437 method

b. Modified ASTM C1437 method

Figure 3.3 Test method of workability

3.2.2 Time of set
For testing the time of set of cementitious paste, standard ASTM C191 method
was followed, except that the fresh paste was kept in a metal cylindrical mold instead of
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conical ring to prevent the highly flowable paste from leaking. The diameter of the
cylindrical mold was 80 mm. The height of the finished paste sample in the cylindrical
mold was 40 mm.
For testing time of set of mortar and UHPC, standard ASTM C403 method was
followed. Freshly prepared mixture was filled in a cylindrical mold having a diameter of
150 mm and a length of 150 mm and leveled using mechanical vibration.
3.2.3 Density and air content of fresh mixture
The density and air content of fresh mortar/UHPC was determined by following
ASTM C138 method and ASTM C231 method, respectively.
3.2.4 Autogenous shrinkage
The autogenous shrinkage of selected UHPC mixtures was determined according
to ASTM C1698 test method (see Figure 3.4). The freshly prepared mixture was filled in
a corrugated plastic mold that offered little resistance to length change of the test
specimen. The mold was sealed to prevent moisture loss and the specimen was stored at
constant temperature. Starting at the time of final setting, the length of the specimen was
measured using a comparator. The change in length was recorded at regular time intervals
up to 48 hours. The change in length and original length of the specimen were used to
compute the autogenous strain. Three specimens were tested for each mixture.
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a. Autogenous shrinkage specimens

b. Length reading
Figure 3.4 ASTM C1698 autogenous shrinkage

3.2.5 Compressive strength
Compressive strength of paste/mortar/UHPC was determined by testing three
50×50×50 mm cubes of each mixture at selected ages, in accordance with ASTM C109.
Compressive strength of UHPC/precast concrete was determined by testing three
cylinders with diameter of 100 mm and height of 200 mm of each mixture at selected
ages, in accordance with ASTM C39.
3.2.6 Modulus of elasticity
The static modulus of elasticity (MOE) of the UHPC specimens was determined
using ASTM C469 test procedure. Prior to the start of the test, companion cylinder
specimens were used to determine the compressive strength of the specimens as per
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ASTM C39 test method. Subsequently, three 100 mm x 200 mm cylinder specimens were
instrumented with compresso-meter and tested. The axis of the specimen was aligned
with the center of thrust of the spherically seating upper bearing block of the
hydraulically operated Universal Testing Machine (UTM). As the spherically-seated
block was brought slowly to bear upon the specimen, adjustments were made to ensure
uniform seating of specimen. The specimen was then loaded twice before the actual
readings were taken in order to account for appropriate seating of the gauges. Then, the
load was applied gradually without shock at a constant rate of 250 + 50 kPa/s. The
applied load and the corresponding strains were measured without any interruption until
the load was equal to 40% of the ultimate load of the specimen. The static modulus of
elasticity of the cylinder specimens, E was calculated as:
E = (S1-S2) / (ε2-0.00005)

(3.1)

Where S2 = stress in MPa corresponding to 40 % of ultimate load,
S1 = stress in MPa corresponding to a longitudinal strain (ε1) of 50 millionths and
ε2 = longitudinal strain produced by stress S2.
3.2.7 Flexural strength
Two standard ASTM methods were used for research. Standard ASTM C348 was
used for paste/mortar/UHPC specimens. In this method, three specimens with dimensions
40×40×160 mm were prepared for each of the mixtures studied. Standard ASTM C78
was used for UHPC/precast concrete specimens. In this method, three specimens with
dimensions 75×75×285 mm were prepared for each of the mixtures studied.
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Considering the difference in the pre-crack and post-crack flexural strength of
UHPC, a universal testing machine was used to monitor the relation between loading and
stroke during testing. The pre-crack and post-crack flexural strength of UHPC was
identified from the loading-stroke curve.
3.2.8 Splitting tensile strength
Standard ASTM C496 was conducted on cylindrical specimen with diameter of
75 mm and length of 150 mm to evaluate the splitting tensile strength of mortar/UHPC.
Only the post-crack splitting tensile strength was identified.
3.2.9 Thermo-gravimetric analysis (TGA)
TGA was conducted to investigate the Ca(OH)2 content in hardened concrete
which indicated the degree of hydration of cement. In this test, a sample weighing around
30 mg was prepared by grinding the center portion of a broken mortar cube specimen
(from compressive strength tests) into fine powder using a Retsch PM100 disc mill. This
would minimize the variance of test results caused by picking up debris containing large
fine aggregate grains. The weight change of sample was monitored while the sample was
gradually heated up to a temperature of 800 oC. The amount of Ca(OH)2 of each sample
was calculated based on the weight changes observed in the TGA curve at a specific
temperature range around 400-500°C.
To illustrate the calculation of the Ca(OH)2 content, an example is given in Figure
3.5. The weight loss curve shown in Figure 3.5 is the percent change in weight of sample
based on the original weight as the temperature increases. The first derivative curve
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represents the rate of change in the weight loss upon the increase in the temperature. The
area covered under the peak observed in the first derivative curve indicates the weight
loss due to the decomposition of Ca(OH)2 to CaO and H2O between 400°C and 500°C.
To determine the Ca(OH)2 content decomposed, the weight loss (i.e. H2O released) is
correlated to Ca(OH)2 content by using the balanced equation Ca(OH)2 → CaO + H2O.
As shown in Figure 3.5, the weight loss due to the H2O released is 0.405%. Thus, the
Ca(OH)2 content of this sample is calculated as 1.67%.

Weight Loss Curve

First Derivative Curve

Figure 3.5 Example TGA test result of one mortar mixture

Three samples were tested for each of the mixtures studied.
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3.2.10 Loss-on-ignition (LOI)
Loss-on-ignition was conducted to investigate the chemical bound water content
in hardened concrete which indicated the degree of hydration of cement. The center
portion of a broken compressive strength specimen was crushed and sieved to obtain a 40
g sample. Material passing through #4 sieve and retained on #8 sieve was selected for
this test. The sample was soaked in Propanol for 5 hr. at ambient temperature to dissolve
any free water. Then the debris was dried at 105 oC for 24 hr in an oven. The oven-dried
sample was heated up to 1000 oC at a rate of 200 oC/hr. in a muffle furnace and held at
that temperature for a period of 1 hr (see Figure 3.6). The weight change that occurred
between 105 oC and 1000 oC was recorded to determine the weight of the bound water. A
correction was made in order to account for the weight change due to LOI of the raw
materials such as cement, SFU, SFL, and sand.

Sample before test

Muffle furnace
Figure 3.6 Loss on ignition test

Three samples were tested for the LOI.
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Sample after test

3.2.11 Rapid chloride ion penetration
Cylindrical specimens with a diameter of 100 mm and height of 50 mm were
prepared by sawing sections from a cylinder with diameter of 100 mm and height of 200
mm. ASTM C1202 was followed for RCP test at the age of 28 days. Three specimens
were tested.
3.2.12 Drying shrinkage
Three specimens with dimensions of 25×25×285 mm were prepared for each of
the mixtures studied. In accordance with ASTM C596, length comparator reading of each
specimen stored in the environmental chamber was taken at selected ages.
3.2.13 Volume of permeable void
Volume of permeable void of hardened mixture was determined by standard
ASTM C642 method. Three specimens were tested for each mixture.
3.2.14 ASR expansion
The test method in ASTM C1260 was modified to study expansion caused by
ASR distress in UHPC mixture. The mixture proportions described in ASTM C1260
were not followed. Three specimens with dimensions of 25×25×285 mm were prepared
and stored in the 1N NaOH solution with temperature of 80 oC for each of the UHPCs
studied. Length expansion reading of each specimen was taken at selected periods of
exposure, which was in accordance with ASTM C1260.
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3.2.15 Flexural strength loss due to ASR
Six specimens with dimensions 40×40×160 mm were prepared for each of the
mixture studied. Three specimens were cured in tap water at 80 oC, and another three
specimens were cured in the 1N NaOH solution at 80 oC. At 28 days of exposure, the
flexural strength of these six specimens was tested, following the procedures described in
ASTM C348.
3.2.16 Bulk electrical resistivity of saturated concrete
Bulk resistivity of saturated concrete was measure by electrochemical impedance
spectroscopy which measured the response of a system to the application of a smallamplitude alternating potential signal at different frequencies. The result obtained by this
method was a Nyquist plot [132]. A Nyquist plot was the plot of the imaginary
impedance component against the real impedance component at each excitation
frequency [132]. In this study, the Nyquist plots were used to measure the value of
concrete resistance of concrete. The saturated specimen for RCP test is used for this test
before RCP test. Three resistance readings were taken for each specimen. Four thickness
readings on the two diameter direction of the cylindrical specimen were taken for each
specimen. The measurements were carried out over a frequency range from 1 Hz to 1
MHz. Figure 3.7 shows an example of a Nyquist plot.
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Figure 3.7 Example Nyquist plot for determining the bulk resistance [132]

The impedance component at the valley in Figure 3.7 indicates the bulk resistance
of saturated concrete. The electrical resistivity of mortar is calculated based on the
electrical resistance and the dimensions of the specimen.
3.2.17 Bond behavior between UHPC and precast concrete
3.2.17.1 Slant shear test
The slant shear test was modified from the test procedures described in ASTM
C882. The slant shear specimen was cylindrical specimen with diameter of 75 mm and
length of 150 mm. It consisted of two parts: half-slant shear specimen which was made of
precast concrete and another half-slant shear specimen which was made of UHPC. The
angle of the slant interface was 30o measured from the longitudinal axis of the specimen.
The precast half-slant shear specimen was prepared 28 days before applying UHPC. At
the age of 24 hour after casting precast concrete, the precast half-slant shear specimen
was de-molded and stored in the moisture room. At the age of 28 days, the precast half-
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slant shear specimen was taken out of the moisture room, and the slant surface was
roughened with a sand blaster. The roughening treatment proceeded until the surface
layer of cement paste was removed and the aggregate was exposed. The finished precast
half-slant shear specimen is shown in Figure 3.8a. Then the roughened surface was
damped to saturated surface dry state, and the precast half-slant shear specimens were put
back into corresponding cylindrical mold. Fresh UHPC was placed into the mold to cover
the precast half-slant shear specimen to form a full composite cylinder. At the age of 24
hour after casting UHPC, the specimens were de-molded and stored in the moisture
room. The finished full specimen is shown in Figure 3.8b. At the age of 28 days after
casting UHPC, the specimens were tested. The entire age of the precast half-slant shear
specimen was 56 days when the test was carried out.

(a) Half-slant shear specimen
of conventional concrete

(b) Finished full slant shear
specimen

Figure 3.8 Specimen for slant shear bond strength test

An adequate bond between UHPC and precast concrete was indicated by a failure
in the precast concrete portion. A poor bond between UHPC and precast concrete was
indicated by a failure of de-bonding.
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3.2.17.2 Third-point flexural test
The specimen for third-point flexural test was prismatic specimen with square
cross-section of 75mm × 75mm. The length of this prismatic specimen was 300 mm.
Similar to the specimen for slant shear test, specimen for third-point flexural test
consisted of two parts: half-prismatic specimen which was made of precast concrete and
another half-prismatic specimen which was made of UHPC. The interface was
perpendicular to the longitudinal axis of the specimen. The precast half-prismatic
specimen was prepared 28 days before applying UHPC. At the age of 24 hour after
casting precast specimen, the half-prismatic specimen was de-molded and stored in the
moisture room. At the age of 28 days, the half-prismatic specimen was taken out of the
moisture room, and the interface was also roughened with a sand blaster until the surface
layer of cement paste was removed and the aggregate was exposed. The finished halfprismatic specimen of conventional concrete is shown in Figure 3.9a. Then the roughened
surface was damped to saturated surface dry state, and the precast half-prismatic
specimen was put back into corresponding mold (see Figure 3.9b). Fresh UHPC was cast
into the mold afterward to form a full composite prism. At the age of 24 hour after
casting UHPC, the specimen was de-molded and stored in the moisture room. The
finished full specimen is shown in Figure 3.9c. At selected testing age after casting
UHPC, the specimens were tested in flexure.

69

(a) Half-prismatic specimen
of conventional concrete

(b) Mold

(c) Finished full
specimen

Figure 3.9 Specimen for third-point bond strength test

As Figure 3.9c shows, the dark color portion of the specimen is UHPC, the light
color portion is conventional concrete. The loading system is shown in Figure 3.10.

Figure 3.10 loading system of third point flexural bond test

An adequate bond between UHPC and precast concrete was indicated by a failure
in the precast concrete portion under flexural moment. A poor bond between UHPC and
precast concrete was indicated by a failure of de-bonding under flexural moment.
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3.2.17.3 Pull-off test
The specimen for pull-off test was prepared by placing a 25 mm thick layer of
fresh UHPC mixture on the roughened top surface of a precast concrete slab. The
roughened surface was damped to saturated surface dry state before casting UHPC. Each
of these specimens was stored in the lab under ambient temperature (23 oC). Tap water
was sprayed on the UHPC layer periodically to keep the surface wet and cured. Three
shallow cores with diameter of 56 mm were drilled into the UHPC overlaid precast
concrete surface for each testing age. The drilling bit was controlled to penetrate into the
slab with a depth of 50 mm. So, the core specimen consisted of 25 mm thick UHPC and
25 mm thick precast concrete. A high strength epoxy was used to glue the aluminum disc
on the top of core specimen for loading. The test method is shown in Figure 3.11.

a.

Pull-off tester

b.

Failed specimens

Figure 3.11 Test method of pull-off bond test

An adequate bond between UHPC and precast concrete was indicated by a failure
under direct tension in the precast concrete portion. A poor bond between UHPC and
precast concrete was indicated by a failure of de-bonding under direct tension.
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3.2.18 Sand spread test
Sand spread test was used to quantify the roughness of the bond face on the
precast concrete half-prism. A sample of fine sand weighing 1 gram with a particle size
distribution of 100 percent passing 150-micron sieve and 100 percent retained on 75micron sieve was used. To conduct the test, the sample of sand was first filled into a
plastic tube with diameter of 1 cm resting on the surface of which the texture was to be
quantified. After gently lifting the plastic tube, the sand was spread evenly under circular
motion of a flat-tipped steel rod until no noticeable rim of sand on the outer edges of the
spread was observed. The steel rod used to spread the sand had a diameter of 1 cm. The
logic behind this test method is that a surface with a rough texture will have enough hills
and valleys that a given sample of sand cannot be spread much beyond a certain diameter
when spread. However, the same quantity of sand will spread to a much larger diameter
on a smooth textured surface. The surface roughness was quantified as a percent increase
in the diameter of the spread, which was calculated as a ratio of the final diameter to the
initial diameter (i.e. inside diameter of the plastic tube) of the spread. The sand spread
test is shown in Figure 3.12.

(a)

Initial diameter

(b)

Figure 3.12 Sand spread test
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Final diameter

3.2.19 Laser profiling
Laser profiling gives visual and numerical information of the surface roughness of
sandblasted precast concrete. A LEXT OLS4000 laser profiler branded Olympus was
used to do the laser profiling (see Figure 3.13a). This tester provided the laser image and
the value of surface roughness index Sa of a square area with width of 640 μm on the
roughened surface. Considering the difference in the strength of mortar fraction and
coarse aggregate fraction in precast concrete, the roughness index Sa was distinguished
between these two fractions (see Figure 13b and 13c).
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(a) Laser profiler

(b) Coarse aggregate

(c) Mortar

Figure 3.13 Laser profiling

An example of calculating Sa is given in Figure 3.14.

Average height

Average height

(b) Lift up the curve fraction which is
below the average height

(a) Average height of the original profile

Figure 3.14 Calculation of Sa

This example starts with a two dimensional curve situation. To calculate the
roughness of the two dimensional curve, the first step is to find out the average height of
the original profile, see Figure 3.14a. The second step is to lift up the curve fraction
below the average height line, see Figure 3.14b. The third step is to calculate the average
height of the up-lifted curve, which is the roughness of the two dimensional curve. Sa is
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the similar scenario to the roughness of the two dimensional curve, as it is for a three
dimensional surface which is the profile of the substrate concrete surface.

3.2.20 Scanning electron microscopy (SEM)
This test provided information on the microstructure of hardened UHPC mixture.
The specimens were prepared by sectioning samples from the mortar bars using a
lapidary saw, followed by grinding and polishing the surfaces using resin-bonded
diamond discs (MD-Piano Discs from Struers Inc.) in grit sizes from #80 through #4000.
Mineral oil was used as lubricants. Glycol was used as cleaning agents. The SEM
examination was conducted in back-scatter mode using Hitachi TM 3000 unit. The unit
was operated in a variable-pressure mode and no conductive coating was applied on to
the samples.
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3.3 Preparation of Fresh Mixture
Four mixing methods were followed at different stages of research work and for
different research purpose. The main reasons of using different procedures included the
lack of mixing power and the limitation of volume capacity of certain type of mixer.
3.3.1 Mixing method 1
This mixing method was carried out by using a Hobart N50 4.7-liter mortar
mixer. At first, the dry materials including cement, sand, were mixed for 1 min at low
speed (60 RPM). Then the mixing water was added to the dry mixture. The mixing
continued at low speed for 2 to 4 min before the mixture became flowable. Finally, the
flowable mixture was mixed for another 1 to 2 min at intermediate speed (120 RPM). The
entire mixing process lasted for 4 to 7 min.
3.3.2 Mixing method 2
This mixing method was carried out by using a UNIVEX M20 11-liter planetary
mixer. At first, the dry materials were mixed for 1 to 2 min at low speed (100 RPM).
Then the mixing water was added to the dry mixture. The mixing continued at low speed
for 3 to 4 min before the mixture became flowable. Finally, the flowable mixture was
mixed for another 1 to 2 min at medium speed (300 RPM). The entire mixing process
lasted for 5 to 8 min. When reinforcing fibers were used, they were added at the last step,
and the mixing continued for another 3 min.
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3.3.3 Mixing method 3
This mixing method was carried out by using a Whiteman 248-liter mortar mixer.
A sequential mixing procedure was followed so as to not overload the mixer at the initial
stages when the UHPC mixture is highly viscous. As a first step, half of the dry materials
were mixed for 1 to 2 minutes. This was followed by adding half of water. As long as the
mixtures had enough ability to flow, the rest of the dry materials and liquid were
gradually introduced into the mixer. When SMF was used, it was added into the plastic
concrete mixture gradually and mixed thoroughly at the end of the mixing cycle. The
total process of mixing took 15 to 20 minutes.
3.3.4 Mixing method 4
This mixing method was also carried out by using a UNIVEX M20 11-liter
planetary mixer. Its difference from the method 3 is the significant longer time needed for
mixing the mixtures. At first, the dry materials were mixed for 1 to 2 min at low speed
(100 RPM). Then the mixing water was added to the dry mixture. The mixing continued
at low speed until the mixture became flowable. This step would last for up to 40 min to
achieve a flowable mixture. Finally, the flowable mixture was mixed for another 2 min at
medium speed (300 RPM). The entire mixing process lasted for 15 to 45 min depending
on the behavior of the fresh mixture. When reinforcing fibers were used, they were added
at the last step, and the mixing continued for 3 min.
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CHAPTER
4 EXPERIMENTAL PROGRAM

This chapter describes experimental programs to study the impact of various
materials and their proportions on the properties of UHPC. Several UHPC mixtures are
developed. The experimental programs of evaluating the bond performance between
UHPC and precast concrete is illustrated as well. The mixture proportions of component
materials are designed referring to the approximate ranges of their mixture proportions
available in the literature, which are,
a.

Water to cement ration (w/c) or water to cementitious materials ratio

(w/cm): less than 0.25 by mass [4, 7];
b.

HRWRA to cementitious materials ratio: 0.5% ~ 3% by mass;

c.

Pozzolans to cement ratio: 0% ~ 40% by mass;

d.

Sand to cement ration (s/c) or sand to cementitious materials ratio (s/cm):

0 ~ 2.5 by mass;
e.

Coarse aggregate is not used.

f.

Steel fiber to the total UHPC mixture: 0% ~ 10% by volume [4, 7, 112]

The research is carried out into four stages:


Stage 1
As a preliminary study, various types of each of the component materials

including cement, HRWRA, sand and reinforcing fibers are studied from the perspective
of their influence on the properties of mortar. Selected types of component materials and
their proportions are used for the following studies.
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Stage 2
The properties of cementitious paste or mortars prepared by portland cement with

different alkali content, several types of SCMs and different sand content are studied
under various proportions. Combined effect of sand and reinforcing fibers on the
properties of mortars are studied. Several cementitious paste formulations, sand content
and reinforcing fibers content are selected for the following studies.


Stage 3
The properties of mortar proportioned by selected cementitious paste

formulations, sand content and reinforcing fibers content are studied. Several UHPC
formulations are developed. Selected chemical admixtures are used to further improve the
properties of UHPC.


Stage 4
The bond behavior between UHPC and precast concrete are studied.
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4.1 Preliminary Investigations on Materials’ Selection for UHPC
4.1.1 High range water reducing admixtures
In this part of study, the first batch of Type III cement was used. Properties of
portland cement mortars prepared with eight types of HRWRA (see Table 3.4) were
compared from the perspective of workability and 3-day compressive strength of mortar
at the same HRWRA dosage (based on solid content). In the first step, the five types of
liquid form HRWRAs were compared under the dosage range from 0% to 1.25% by
weight of cement in the same mortar formulations with w/c at 0.25 and s/c at 1.25 by
mass. Ottawa sand passing #30 sieve and retained on #100 sieve was used as fine
aggregate (see Table 3.5). In the second step, the three types of powder form HRWRAs
were compared with the best liquid form HRWRA from the first step at the HRWRA
dosage of 1.5% by weight of cement. The mortars were prepared with w/c at 0.2 and s/c
at 1.25 by mass. Natural siliceous sand with its natural gradation was used as fine
aggregate (see Table 3.3).
All the fresh mixtures for this part of study were prepared with a Hobart mortar
mixer following the mixing procedure 1 as discussed above. Immediately after finishing
mixing, the workability was measured. Vibration was applied to remove entrapped air
during casting. Specimens were kept in the moist room which was setup in accordance
with ASTM C511. Specimens were de-molded at 24 hr. after casting. The specimens
were stored in the moist room before test. Workability and compressive strength of
mortar were tested following corresponding standard ASTM test methods.
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4.1.2 Fine aggregate
In this part of study, the first batch of Type III cement was used. The natural sand
and the Ottawa sand were compared. The gradations of natural sand was modified to be
the same gradations as Ottawa sand for comparison (see Table 3.5). The workability and
compressive strength of portland cement mortar using natural sand and Ottawa sand were
compared under the same HRWRA (ViscoCrete® 2100) dosage ranging from 0.5 to
1.25%. The w/c and s/c were set at 0.25 and 1.25, respectively. The first batch Type III
cement was used. The workability and compressive strength were tested following
corresponding standard ASTM test methods.
The effect of gradation of the natural sand on the workability, compressive
strength and drying shrinkage of portland cement mortar was studied under three
gradation conditions which were the natural gradation, a coarse gradation as per ASTM
C33 and a fine gradation as per ASTM C33 (see Table 3.3). The HRWRA (Melflux®
4930) dosage, w/c and s/c were set at 1%, 0.2 and 1.6 by mass, respectively. The tests
were conducted following standard ASTM test methods.
All the fresh mixtures for this part of study were prepared with the Hobart mortar
mixer following the mixing procedure 1 as discussed above. Immediately after finishing
mixing, the workability was measured. Vibration was applied to remove entrapped air
during casting. Specimens were kept in the moist room which was setup in accordance
with ASTM C511. Specimens were de-molded at 24 hr. after casting. The specimens
were stored in the moist room before test. Workability and compressive strength of
mortar were tested following standard ASTM test methods.
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4.1.3 Silica fume and silica flour
In this part of study, the first batch of Type III cement was used. The proportions
of the materials in the mortars were designed to study the effect of SFU and SFL
combination on the compressive strength and the durability of mortar. w/cm was set at
0.225. SFU was used in addition to cement. SFL was used as replacement to sand. Thus
the filler material includes SFL and sand. The filler material to cementitious materials
ratio was fixed at 1.25. Table 4.1 shows the relative proportions of the ingredients in each
of the mortar mixtures.
Table 4.1 Relative proportions of ingredients used in mortar mixtures

a

FM b/cm = 1.25
SFL1/FM c SFL2/FM c
0
0

Mortar ID

c a/c a

SFU/c a

w/cm b

C-0.225
SFU-10%
(SFL1-0%)
SFU-20%
SFU-30%
SFL1-10%
SFL1-20%
SFL1-30%
SFL2-20%
SFL3-20%

1

0

0.225

Sand/FM c
1

1

0.1

0.225

1

0

0

0

0.0125

1
1
1
1
1
1
1

0.2
0.3
0.1
0.1
0.1
0.1
0.1

0.225
0.225
0.225
0.225
0.225
0.225
0.225

1
1
0.9
0.8
0.7
0.8
0.8

0
0
0.1
0.2
0.3
0
0

0
0
0
0
0
0.2
0

0
0
0
0
0
0
0.2

0.0125
0.0125
0.0125
0.0125
0.0125
0.0125
0.0125

SFL3/FM c
0

HRWRA/c a
0.0125

Cement; b Cementitious materials; c Filler materials (Sand +SFL)

As shown in Table 4.1, the first mortar was the control which did not contain
either SFU or SFL. The next three mortars, SFU-10%, SFU-20% and SFU-30% had SFU
content at 10%, 20%, and 30% by weight of cement, respectively, but did not contain
SFL. The effect of SFU addition on the properties of mortars was determined by
comparing the performance of these mortars with that of the mortar C-0.225. The
remaining 5 mortars contained both SFU and SFL, while the content of SFU was held
constant at 10% by weight of cement. In order to study the effect of SFL content on the
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properties of mortar, three mixtures that contained SFL1 were designed and identified as
SFL1-10%, SFL1-20% and SFL1-30% which contained SFL1 at a dosage of 10%, 20%
and 30% by mass replacement of sand, respectively. To study the effect of fineness of
SFL at a given content, mortar mixtures SFL1-20%, SFL2-20% and SFL3-20% were
designed, wherein the SFL content was fixed at 20% by mass replacement of sand.
However, the fineness of SFL was varied as indicated by the use of three types of SFL,
i.e. SFL1, SFL2 and SFL3. SFL1 was the finest of the three SFLs and SFL3 was the
coarsest. In order to have fresh mixtures with at least 150% flow in accordance with
ASTM C1437, the dosage of HRWRA was kept at 1.25% by weight of cementitious
materials. Table 4.2 shows the detailed proportions for 1 m3 of each of the mortars.

Table 4.2 Mixture proportions for 1m3 of each of the mortars
Mortar ID
C-0.225
SFU-10%
(SFL1-0%)
SFU-20%
SFU-30%
SFL1-10%
SFL1-20%
SFL1-30%
SFL2-20%
SFL3-20%

Constituent (kg/m3)
Cement SFU Water Sand SFL1 SFL2 SFL3 HRWRA
980
0
221 1225
0
0
0
12.3
880

88

218

1211

0

0

0

12.1

799
731
881
881
882
881
881

160
219
88
88
88
88
88

216
214
218
218
218
218
218

1199
1189
1090
970
849
970
970

0
0
121
242
364
0
0

0
0
0
0
0
242
0

0
0
0
0
0
0
242

12.0
11.9
12.1
12.1
12.1
12.1
12.1

The fresh mixtures were prepared by a UNIVEX M20 planetary mixer following
the mixing method 2. At first, the cementitious materials, filler materials, and the powder
HRWRA were dry mixed for 1 min at low speed (100 RPM), followed by the addition of
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water. The mixing continued at low speed for 1 to 2 min before the mixture became
flowable. Finally, the flowable mixtures were mixed for another 3 to 4 min at medium
speed (300 RPM). The entire mixing process lasted for about 6 min. Before casting
specimens, flow tests were conducted to verify that the fresh mixtures had at least 150%
flow.
Vibration was applied to remove entrapped air during casting. Immediately after
casting, specimens were kept in the moist room which was setup in accordance with
ASTM C511. Specimens were de-molded at 24 hr. after casting. For the study of
compressive strength, RCP, bulk density, and volume of permeable voids, the specimens
were stored in the moist room before test. For the study of drying shrinkage, the
specimens were stored in saturated lime water for 2 days after de-molding, and then
stored in the environmental chamber throughout the test. Inside the environmental
chamber, the temperature and the relative humidity was maintained at 23±2 oC and
50±4%, respectively, which was in accordance with ASTM C157.
4.1.4 Reinforcing fibers
In this part of study, the second batch of Type III cement was used. PVA
microfibers and steel microfibers were used for study. The workability, compressive
strength and drying shrinkage of fiber reinforced cement mortar were studied. Fibers
were used at dosages of 1% and 2% by volume of total mixture. The HRWRA (SP8)
dosage, w/c and s/c were set at 1%, 0.2 and 1.25, respectively. All the fresh mixtures for
this part of study were prepared with a UNIVEX M20 planetary mixer following the
mixing method 2 as discussed above. Immediately after finishing mixing, the workability
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was measured. No vibration was applied to remove entrapped air during casting.
Specimens were kept in the moist room which was setup in accordance with ASTM
C511. Specimens were de-molded at 24 hr. after casting. The specimens were stored in
the moist room before test. The tests were conducted following standard ASTM test
methods, except the modified ASTM C1437 method was used for measuring workability.
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4.2 Preliminary Investigations on Developing UHPC
The initial attempt of developing UHPC was explored by investigating four
mixtures. The influencing factors include SFU content, SMF content and liquid form
SRA content. For this part of study, the w/cm was set at 0.2, and s/cm was set at 1.25.
The relative proportions of UHPC mixtures are show in Table 4.3.

Table 4.3 Relative proportions of UHPC mixtures
By mass

By volume
b
HRWRA/cm
c a/c a SFU/c a w/cm b Sand/cm b
SRA/cm b
SMF
Fc
Hd
C
1
0
0.2
1.25
0.010 0.010
0
0
SU2
1
0.2
0.2
1.25
0.010 0.007
0
0
SU2F
1
0.2
0.2
1.25
0.010 0.010
0
0.02
SU2S
1
0.2
0.2
1.25
0.010 0.005
0.02
0.02
a
b
c
d
Cement; Cementitious materials; Dosage for the study of fresh properties ; Dosage for the
study of hardened properties
Mortar ID

As shown in Table 4.3, the first mortar mixture C was the control. It was basically
a portland cement mortar without either SFU, SMF or SRA. The second mortar mixture
SU2 was prepared by adding SFU into the mortar mixture C. The SFU to cement ratio
was 0.2 by mass. The w/cm was kept constant at 0.2. The effect of SFU on the properties
of mortar was understood by comparing mortar C and SU2. The third mortar mixture
SU2F was prepared by adding SMF into the mortar mixture SU2. The SMF content was
2% by volume of the total mixture. The effect of SMF on the properties of mortar was
understood by comparing mortar SU2 and SU2F. The fourth mortar mixture SU2S was
prepared by adding SRA into the mortar mixture SU2F. The SRA content was 2% by

86

mass of cementitious materials. The effect of SRA on the properties of mortar was
understood by comparing mortar SU2F and SU2S. The mixture proportions for 1 m3 of
UHPC mixture are listed in Table 4.4.
Table 4.4 Mixture proportions for 1 m3 of UHPC mixture
Constituents (kg/m3)
UHPC ID
C
SU2
SU2F
SU2S

Cement SFU Water Sand SMF SRA
1005
819
803
786

0
164
160
157

201
197
193
189

1257
1229
1204
1179

0
0
156
153

0
0
0
19

HRWRA
Fa Hb
10.1 10.1
9.8 7.2
9.6 9.6
9.4 4.7

The material properties of UHPC investigated included workability, air content of
fresh mixture, fresh density, time of set, compressive strength, splitting tensile strength,
flexural strength, modulus of elasticity, rapid chloride permeability, and drying
shrinkage. The bond performance between UHPC and precast concrete was studied with
three bond test methods: slant shear test, pull-off test and third point flexural bond test.
In this part of study, the first batch of Type III cement was used. All the fresh
mixtures for this part of study were prepared with a Whiteman mixer (0.248 m 3)
following the mixing procedure 3 as discussed above. If SRA was used, it was dispersed
into the mixing water in advance. Immediately after mixing, the fresh properties of
UHPC were tested.
Even though the UHPC mixture was highly flowable, external vibration to the
molds was applied to remove any unintended entrapped air during casting. Specimens
cast for studying compressive strength, splitting tensile strength, flexural strength, MOE,
RCP, slant shear and flexural bond were kept in a moist room conforming to ASTM
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C511 specification. At the age of 24 hours, specimens were demolded and stored in the
moist room until testing. For studying drying shrinkage of UHPC mixtures based on
ASTM C596, specimens were stored in the moist room and de-molded at the age of 24
hours. Subsequently, the specimens were stored in saturated lime water for 2 days after
de-molding, and then stored in an environmental chamber maintained at a temperature of
23±2 oC (73±3 oF) and a relative humidity of 50±4%, throughout the duration of the test.
For studying bond strength between UHPC and precast concrete by pull-off test, a 25 mm
(1 inch) thick layer of fresh UHPC mixture was placed on the roughened top surface of a
precast concrete slab. Each of these specimens was stored in the lab under ambient
conditions.
The material properties of UHPC were tested following standard ASTM test
methods (see Table 4.5).

Table 4.5 Material properties and test method
Properties
Workability
Fresh density
Fresh air content
Time of set
Compressive strength
Splitting tensile
strength
Flexural strength
MOE
RCP
Drying shrinkage

ASTM
Specification
C1437
C138
C231
C403
C109

Tested Ages
(day)
0
0
0
0
1,3,7, 28

Specimen Dimensions
(mm)
----50×50×50

C496

28

75×150

C78
C469
C1202
C596

28
28
28
Up to 177

75×75×300
100×200
100×50
25×25×285
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The bond strength between UHPC and precast concrete was evaluated by three
test methods: slab pull-off test, flexural test and slant shear test.
With this initial study, the problems of developing UHPC using the materials and
proportions selected from experimental studies discussed above were identified and
addressed in the following research work.
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4. 3 Effect of Alkali Content on the Properties of UHPC
The effect of alkali content of cement on the properties of cementitious mortar
was studied at 0.49%, 0.6%, 0.7%, 0.75% and 0.88% Na2Oeq by weight of portland
cement. Those properties included workability, compressive strength and durability. The
various alkali contents of cement were achieve by adding corresponding quantity of
reagent grade NaOH in to the virgin cement which had alkali content of 0.49% Na2Oeq.
The NaOH was dissolved into the mixing water before use. The fine aggregate was a
reactive sand (Jobe sand). The HRWRA (Melflux® 4930) dosage, w/cm and s/cm were
set at 1%, 0.2 and 1.25, respectively. A total of 9 mortar mixtures with and without FA
were investigated. In mixtures with fly ash, 17% of the cement by mass was replaced by
fly ash. The alkali content was increased to 0.6%, 0.7%, 0.75%, and 0.88% Na2Oeq by
mass of cement by adding reagent grade NaOH to the mixing water. The mixture
proportions of the 9 mortars are shown in Table 4.6.
Table 4.6 Relative proportions of mortar (by mass)
Mortar ID c a/cm b FA c/cm b Water/cm b HRWRA/cm b (%) Na2Oeq/c a (%)
C
1
0
0.2
0.75
0.49
A1
1
0
0.2
0.75
0.6
A2
1
0
0.2
0.75
0.7
A3
1
0
0.2
0.75
0.75
A4
1
0
0.2
0.75
0.88
A3a
1
0
0.2
1.0
0.75
A4a
1
0
0.2
1.5
0.88
CF
0.83
0.17
0.2
0.75
0.49
A4F
0.83
0.17
0.2
0.75
0.88
a
Cement; b Cementitious materials; c Fly ash
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As Table 4.6 shows, the first five mortar mixtures C, A1, A2, A3 and A4 had the
same mixture proportions except that the alkali content was varied from 0.49% to 0.88%
Na2Oeq by mass of cement. The dosages of HRWRA were kept constant at 0.75% by
mass of cementitious materials. The effect of alkali content on the workability, time of
setting, compressive strength and drying shrinkage of mortars without FA was
determined.
The next two mortar mixtures A3a and A4a were prepared by increasing the
dosage of HRWRA of mortars A3 and A4 to 1% and 1.5%, respectively, to match the
workability of other mixtures, i.e. mortars C, A1 and A2 (see Table 4.6). In this case, the
influence of compactibility on other properties was minimized. The effect of alkali
content on the ASR induced expansion and the associated loss in flexural strength of
mortars without FA was determined by comparing mortars C, A1, A2, A3a, and A4a.
The last two mortars CF and A4F were prepared by replacing 17% of the cement
with FA in mortars C and A4, respectively, while maintaining a constant dosage of
HRWRA at 0.75%. Mortars C, A4a, CF and A4F all exhibited similar workability. The
effect of alkali content on the workability, setting time, compressive strength and drying
shrinkage of mortars with FA was determined by comparing mortars C, A4, CF and A4F.
The effect of alkali content on the ASR induced expansion and associated loss in flexural
strength of mortars with FA was determined by comparing the performance of mortars C,
A4a, CF and A4F. The quantities of materials used for 1 m3 of mortar are presented in
Table 4.7.
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Table 4.7 Quantities of materials used for 1 m3 of mortar
Mortar ID
C
A1
A2
A3
A4
A3a
A4a
CF
A4F

Cement FA
1007
0
1007
0
1007
0
1007
0
1007
0
1007
0
1007
0
821
164
821
164

Constituent (kg/m3)
Water Sand NaOH HRWRA
220 1259
0
7.6
220 1259
1.4
7.6
220 1259
2.7
7.6
220 1259
3.4
7.6
220 1259
5.1
7.6
220 1259
3.4
10.1
220 1259
5.1
15.1
215 1231
0
7.4
215 1231
4.1
7.4

In this part of study, the first batch of Type III cement was used. For each
mixture, the corresponding amount of NaOH was dissolved into the mixing water before
use. All the fresh mixtures for this part of study were prepared with a UNIVEX M20
planetary mixer following the mixing procedure 2 as discussed above. Flow tests were
conducted immediately after mixing, and the samples for setting time test were prepared.
The specimens were cast on a vibrating table. Depending on the workability of
MORTAR, vibration was applied for 10-60 s to remove entrapped air. Then, the
specimens were kept in the moist room maintained at 100% relative humidity and 23 oC
in accordance with ASTM C511. Specimens were de-molded at 48 hr. after casting, due
to the extended setting time and the slow development in early age strength. For the study
of compressive strength, the specimens were stored in the moist room until the testing
age. For the study of drying shrinkage, the specimens were stored following the
procedures in ASTM C596. For the study of ASR induced expansion, after the initial
curing of the mortar bars in water at 80 oC, specimens were subsequently stored in 1N
NaOH solution at a temperature of 80 oC, as per the procedure in ASTM C1260. For the
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study of ASR induced loss in flexural strength, two sets of specimens were prepared, one
set was stored in tap water and another in 1N NaOH solution. The temperature was 80 oC
for both curing conditions.
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4.4 Effect of Sand Content on the Properties of Mortar
In This section, thirty seven different mortars were prepared to study the influence
of sand content on the fresh and hardened state properties of cementitious mortar at
various SFU and HRWRA (Melflux® 4930F) contents. SFU was proportioned at three
levels, 0%, 10%, and 20% by weight of cement. The HRWRA was dosed at four levels,
0.5%, 0.75%, 1%, and 1.5% by weight of cementitious material. Sand content, expressed
as s/cm by weight, was studied at 0, 0.5, 1.25, 1.6, and 2. For the entire study, the w/cm
by weight was fixed at 0.20. The investigated s/cm ranged from 0 to 2 for mortar with
and without silica fume. The experimental design is shown in Table 4.8. The mixture
proportions are shown in Table 4.9.
Table 4.8 Identifications of mortars
SFU
Content (%)

level

0

C

10

L

20

H

HRWRA
Dosage (%) level
0.5
1st
0.75
2nd
1
3rd
1.5
4th
0.75
2nd
1
3rd
0.75
2nd
1
3rd

0(1st)
C1-1
C2-1
C3-1
C4-1
L2-1
L3-1
H2-1
H3-1

0.5(2nd)
C1-2
C2-2
C3-2
C4-2
L2-2
L3-2
H2-2
H3-2

s/cm (level)
1.25(3rd) 1.6(4th)
C1-3
C2-3
C2-4
C3-3
C3-4
C4-3
C4-4
L2-3
L2-4
L3-3
L3-4
H2-3
H2-4
H3-3
H3-4

2(5th)
C3-5
C4-5
L2-5L3-5
H2-5H3-5

Note: For UHPC ID, the letter in the front indicates the SFU content (C:0%, L:10%, and H:20%). The
following two numbers, i-j, indicate dosage level of HRWRA and s/cm, respectively. For example, L2-3
indicates UHPC with 10% SFU, the second level of HRWRA dosage which is 0.75%, and the third level of
s/cm which is 1.25; - Data unavailable. The dashed line in the table represents the distinction between
mixtures that were workable (to the left) and non-workable (to the right).
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Table 4.9 Mixture proportions for 1 m3 of mortar
UHPC ID

Constituent (kg)

UHPC ID

Constituent (kg)

Cement

SFU

FA

Water

HRWRA

Cement

SFU

FA

Water

HRWRA

C1-1

1933

0

0

387

9.7

L2-3

904

90

1244

203

7.5

C1-2

1413

0

707

285

7.1

L2-4

799

80

1406

180

6.6

C1-3

1007

0

1259

205

5.0

L2-5

705

70

1550

160

5.8

C2-1

1933

0

0

387

14.5

L3-1

1716

172

0

377

18.9

C2-2

1413

0

707

285

10.6

L3-2

1263

126

694

280

13.9

C2-3

1007

0

1259

205

7.6

L3-3

904

90

1244

203

9.9

C2-4

888

0

1421

182

6.7

L3-4

799

80

1406

180

8.8

C3-1

1933

0

0

387

19.3

L3-5

705

70

1550

160

7.7

C3-2

1413

0

707

285

14.1

H2-1

1542

308

0

370

13.9

C3-3

1007

0

1259

205

10.1

H2-2

1141

228

685

276

10.3

C3-4

888

0

1421

182

8.9

H2-3

821

164

1231

201

7.4

C3-5

783

0

1565

161

7.8

H2-4

725

145

1393

178

6.5

C4-1

1933

0

0

387

29.0

H2-5

641

128

1538

158

5.8

C4-2

1413

0

707

285

21.2

H3-1

1542

308

0

370

18.5

C4-3

1007

0

1259

205

15.1

H3-2

1141

228

685

276

13.7

C4-4

888

0

1421

182

13.3

H3-3

821

164

1231

201

9.8

C4-5

783

0

1565

161

11.7

H3-4

725

145

1393

178

8.7

L2-1

1716

172

0

377

14.2

H3-5

641

128

1538

158

7.7

L2-2

1263

126

694

280

10.4

In this part of study, the first batch of Type III cement was used. Fresh mortars
were prepared by using a UNIVEX M20 planetary mixer following mixing method 3.
Immediately after mixing, the flow test was conducted. The workability of the mortars
was evaluated by the modified test method from ASTM C1437.
Fresh mixture was poured into molds to prepare specimens for the test of
hardened properties of mortar. Flowable mortars were allowed to consolidate in the
molds under self-weight. However, for the other mortars which were not able to flow
under the self-weight, external vibration was applied for consolidating for about 30 s.
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Specimens were kept in the moist room which was setup in accordance with ASTM C511
after casting, and de-molded 24 hr. later. For the study of compressive strength and RCP,
the specimens were stored in the moist room until the test. For the study of drying
shrinkage, the specimens were stored following the procedures in ASTM C596. The
compressive strength, drying shrinkage and RCP of mortar were evaluated following
standard ASTM methods.
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4.5 Effect of Pozzolans on the Properties of UHPC

This part of study was aimed to find out potential pozzolan or combination of
pozzolans as substitute to silica fume to develop UHPC. To have a close view of the
behavior of SCMs on the properties of UHPC, only cementitious paste fraction of UHPC
was studied. The experiment was divided into two parts. In the first part, the effects of
binary blend of SCM (SFU, MK or UFA) and portland Type III cement (second batch) on
the properties of cementitious paste were comprehensively studied. The investigated
properties included workability, setting time, autogenous shrinkage, compressive strength
and drying shrinkage of paste. In the second part, workability, compressive strength and
drying shrinkage of paste using ternary blend of MK, UFA/FA and cement were studied,
in comparison with paste using binary blend of SFU and cement. For the entire
investigation, the w/cm by mass was fixed at 0.2, and the HRWRA (Melflux ® 4930)
dosage was fixed at 1% by mass of total cementitious materials.
4.5.1 Paste using binary blend of SCM and cement
In this part, ten paste mixtures were investigated to study the properties of pastes
using binary blend of SCM and cement. The supplementary cementitious materials
content in the paste was expressed as the mass ratio of SCM to portland cement (SCM/c).
The investigated levels of SCM/c included 0, 0.05, 0.1, 0.2 and 0.3. The relative mixture
proportions of the ten paste mixtures are shown in Table 4.10.
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Table 4.10 Relative proportions of materials in paste (by mass)
Paste ID ca/ca SFU/ca MK/ca UFA/ca SCMb/ca Water/cmc HRWRA/cmc (%)
C
0
0
0
0.00
S1
0.10
0
0
0.10
S2
0.20
0
0
0.20
S3
0.30
0
0
0.30
M1
0
0.05
0
0.05
1.00
0.20
1.0
M2
0
0.10
0
0.10
M3
0
0.20
0.20
UF1
0
0
0.10
0.10
UF2
0
0
0.20
0.20
UF3
0
0
0.30
0.30
Note: a cement; b supplementary cementing materials: SFU alone or MK+UFA;
cementitious materials: cement + SCM

c

As Table 4.10 shows, the first paste C was the control which only contained Type
III portland cement as cementitious material.
The next three pastes S1, S2, and S3 contained binary blend of SFU and cement
as cementitious material, and the corresponding levels of SCM/c were 0.1, 0.2 and 0.3,
respectively. The following three pastes M1, M2 and M3 contained binary blend of MK
and cement as cementitious material, and the corresponding levels of SCM/c were 0.05,
0.1 and 0.2, respectively. The maximum MK content was set at SCM/c=0.2 was based on
the concern of the prolonged mixing time and low workability of paste when MK content
was too high. The following three pastes UF1, UF2 and UF3 contained binary blend of
UFA and cement as cementitious material, and the corresponding levels of SCM/c were
0.1, 0.2 and 0.3, respectively. The maximum UFA content was set at SCM/c=0.3 was
based on the concern of the slow development of compressive strength of paste when
UFA content was too high. The effect of different types of SCM and their content on the
properties of paste was determined by comparing these ten mixtures.
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The quantities of materials used for 1 m3 of paste are presented in Table 4.11.

Table 4.11 Quantities of materials used for 1 m3 of paste
Paste ID
C
S1
S2
S3
M1
M2
M3
UF1
UF2
UF3

Constituent (kg/m3)
Cement SFU MK UFA Water HRWRA
1933
0
0
0
387
19.3
1716
172
0
0
377
18.9
1542
308
0
0
370
18.5
1401
420
0
0
364
18.2
1818
0
91
0
382
19.1
1716
0
172
0
377
18.9
1542
0
308
0
370
18.5
1731
0
0
173
381
19.0
1568
0
0
314
376
18.8
1433
0
0
430
373
18.6

4.5.2 Paste using ternary blend of MK, UFA and cement
In this part, eight paste mixtures were investigated to study the properties of
pastes using ternary blend of MK, UFA and cement. The supplementary cementitious
materials content in the paste was expressed as the mass ratio of SCM to portland cement
(SCM/c). The investigated levels of SCM/c included 0, 0.1, 0.2 and 0.3. Properties of
paste containing different proportions of MK, UFA and cement were compared with the
properties of paste containing different proportions of SFU and cement. The relative
mixture proportions of the ten paste mixtures are shown in Table 4.12. The quantities of
materials used for 1 m3 of paste are presented in Table 4.13.
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Table 4.12 Relative proportions of component materials in paste containing ternary
blend of MK, UFA and cement
Paste ID ca/ca SFU/ca MK/ca UFA/ca SCMb/ca Water/cmc HRWRA/cmc (%)
MUF1
0
0.05
0.05
0.10
MUF2
0
0.05
0.15
0.20
MUF3
0
0.10
0.10
0.20
MUF4
0
0.05
0.25
0.30
1.00
0.20
1.0
MUF5
0
0.10
0.20
0.30
MUF6
0
0.20
0.10
0.30
MUF7
0
0.10
0.30
0.40
MUF8
0
0.20
0.20
0.40
a
cement; b supplementary cementing materials: SFU alone or MK+UFA; c cementitious
materials: cement + SCM

Table 4.13 Quantities of materials used for 1 m3 of paste containing MK, UFA and
cement
Paste ID
MUF1
MUF2
MUF3
MUF4
MUF5
MUF6
MUF7
MUF8

Constituent (kg/m3)
Cement SFU MK UFA Water HRWRA
1724
0
86
86
379
19.0
1562
0
78 234
375
18.7
1556
0
156 156
373
18.7
1428
0
71 357
371
18.6
1423
0
142 285
370
18.5
1412
0
283 141
367
18.4
1311
0
131 393
367
18.4
1302
0
261 261
365
18.2

4.5.3 Paste using ternary blend of MK, FA and cement
In this part, eight paste mixtures were investigated to study the properties of
pastes using ternary blend of MK, FA and cement. The supplementary cementitious
materials content in the paste was expressed as the mass ratio. The relative mixture
proportions of the paste mixtures are same as previous which are shown in Table 4.10
and 4.12. The quantities of materials used for 1 m3 of paste are presented in Table 4.14.
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Table 4.14 Quantities of materials used for 1 m3 of paste
Paste ID
F1
F2
F3
MF1
MF2
MF3
MF4
MF5
MF6
MF7
MF8

Constituent (kg/m3)
Cement SFU MK FA Water HRWRA
1719
0
0 172 378
18.9
1548
0
0 310 372
18.6
1408
0
0 422 366
18.3
1717
0
86 86
378
18.9
1547
0
77 232 371
18.6
1545
0
155 155 371
18.5
1407
0
70 352 366
18.3
1406
0
142 281 365
18.3
1403
0
281 140 365
18.2
1289
0
129 387 361
18.0
1287
0
258 258 360
18.0

All the fresh mixtures for this part of study were prepared with a UNIVEX M20
planetary mixer following the mixing procedure 4 as discussed above. The mixing time
was divided into three parts: time of drying mixing, time of conversion (Tc) from dying
mixture to fluid mixture and time of fluid mixture (see Figure 4.1). The time of
conversion from dying mixture to fluid mixture was recorded. The workability,
compressive strength, volume of permeable voids and drying shrinkage of paste were
tested following standard ASTM test methods, except the modified ASTM C1437
method was used for measuring workability. The bound water content and TGA test were
also conducted.
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Tc

Dry mixture

Wet mixture

Wet & shinny
clumps

Cohesive
fluid

Fulid

Figure 4.1 Mixing regime for preparing fresh cementitious paste
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4.6 Combined Effect of Sand and Fiber on the Properties of UHPC

This part of study was aimed to find out the combined effect of sand content and
SMF content on the workability, compressive strength, flexural strength bulk electrical
resistivity, RCP and drying shrinkage of SMF reinforced mortar. Type III cement (second
batch) was the only cementitious material used. The sand content ranged from s/c=0 to
s/c=1.6 by mass. The SMF content ranged from 0% to 3%. For the entire study, the w/c
and HRWRA dosage was kept constantly at 0.2 and 1%, respectively. The relative
proportions of the component materials are shown in Table 4.15.
Table 4.15 Relative proportions of materials in mortar using SMF
By mass
By volume
b
b
c /cm s/cm Water/cm HRWRA/cm
VSMF/VT
M00
0.00
0.00
M01
0.50
0.00
M02
1.25
0.00
M03
1.60
0.00
M11
0.50
0.01
M12
1.25
0.01
1.00
0.20
0.01
M13
1.60
0.01
M21
0.50
0.02
M22
1.25
0.02
M23
1.60
0.02
M31
0.50
0.03
M32
1.25
0.03
M33
1.60
0.03
Note: a cement; b cementitious materials
Mortar ID

a

b

b

As Table 4.15 shows, the first mortar M00 was the control mortar which did not
contain either sand or SMF. It was basically cement paste. The next three mortar mixtures
M01, M02 and M03 were non-fiber reinforced mortars with sand content at s/c=0.5, 1.25
and 1.6, respectively. The last nine mortar mixtures were fiber reinforced mortars
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prepared by adding SMF into mortars M01, M02 and M03 at contents of VSMF/VT=0.01,
0.02 and 0.03. The mixture proportions for I m3 of mixture are shown in Table 4.16.

Table 4.16 Quantities of materials used for 1 m3 of mortar using SMF
Mortar ID
M00
M01
M02
M03
M11
M12
M13
M21
M22
M23
M31
M32
M33

Constituents (kg/m3)
Cement Sand Water HRWRA SMF
1933
0
387
19.3
0
1413
707
283
14.1
0
1007 1259 201
10.1
0
888
1421 178
8.9
0
1399
700
280
14.0
78
997
1247 199
10.0
78
879
1407 176
8.8
78
1385
693
277
13.9
156
987
1234 197
9.9
156
870
1393 174
8.7
156
1371
685
274
13.7
234
977
1221 195
9.8
234
862
1379 172
8.6
234

The bulk electrical resistivity of the SMF reinforced mortar was measured to
identify the segregation of SMF in the fresh mortar. The relation between the bulk
electrical resistivity and RCP values was discussed. To limit the effect of bulk electrical
resistivity on RCP test, PVAMF which were nonconductive were used at the same
content of SMF to study the effect of fiber on RCP. The relative proportions were same
as mortar M12 and M22. The mixture proportions for I m3 of mixture using PVAMF are
shown in Table 4.17.
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Table 4.17 Quantities of materials used for 1 m3 of mortar using PVAMF
Mortar ID
MP12
MP22

Constituents (kg/m3)
Cement Sand Water HRWRA SMF
997
1247 199
10.0
13
987
1234 197
9.9
26

All the fresh mixtures for this part of study were prepared with a UNIVEX M20
planetary mixer following the mixing procedure 4 as discussed above. All the tests were
conducted following standard ASTM test methods, except the modified ASTM C1437
method was used for measuring workability.
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4.7 Development of UHPC
Selected paste formulations were used to develop UHPC. SMF content was set at
2% as SMF content at 1% did not have significant improve on the compressive strength
of UHPC. The sand content was set to be at least of s/cm=1.25, as lower sand content
than s/cm=1.25 would result in potential of severe segregation of SMF. All the fresh
mixtures for this part of study were prepared with a UNIVEX M20 planetary mixer
following the mixing procedure 4 as discussed above. All the tests were conducted
following standard ASTM test methods, except the modified ASTM C1437 method was
used for measuring workability.
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4.8 Effect of Chemical Admixtures on the Properties of UHPC
The properties of UHPC was further improved by using chemical admixtures. The
study was divided into two parts. In the part of study, the workability, compressive
strength and drying shrinkage of cementitious paste using four types of chemical
admixtures were studied. The four types of chemical admixtures were used at the
manufacture recommended dosage, based on the solid content – cementitious materials
(sc/cm) ratio. The chemical admixtures included powder form shrinkage reducing
admixture (dosed at sc/cm=0.05), liquid form chemical accelerator (dosed at
sc/cm=0.02), liquid form shrinkage reducing admixture (dosed at 2% by mass of
cementitious materials) and liquid form viscosity modifying admixture (dosed at
sc/cm=0.001). The water content in the liquid form admixture was deducted from the
mixing water in the mixture. The mixture proportions of the 4 cementitious pastes are
shown in Table 4.18.

Table 4.18 Quantities of materials used for 1 m3 of paste
Constituent (kg/m3)
Paste
ID Cement SFU Water HRWRA
CA1
CA2
CA3
CA4

1542
1542
1542
1542

308
308
308
308

370
333
328.3
364.5

18.5
18.5
18.5
18.5

Chemical
admixture
92.5
37
78.7
7.4

Type of Chemical
admixture
Powder SRA
Liquid SRA
Accelerator
VMA

In this part of study, the second batch of Type III cement was used. All the fresh
paste mixtures for this part of study were prepared with a UNIVEX M20 planetary mixer
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following the mixing procedure 4 as discussed above. The workability, compressive
strength and drying shrinkage of paste were studied. All the tests were conducted
following standard ASTM test methods, except the modified ASTM C1437 method was
used for measuring the workability of paste.
In the second part of study, selected chemical admixtures were used to improve
the performance of UHPC from the consideration of workability, compressive strength
and drying shrinkage. The virgin UHPC mixture was proportioned with w/cm=0.2 by
mass, s/cm=1.25 by mass, SMF dosage at 2% by volume of total mixture, and
HRWRA/cm=0.01 by mass. All the fresh mixtures for this part of study were prepared
with a UNIVEX M20 planetary mixer following the mixing procedure 4 as discussed
above. The workability, compressive strength and drying shrinkage of UHPC were
studied. All the tests were conducted following standard ASTM test methods, except the
modified ASTM C1437 method was used for measuring the workability of UHPC.
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4.9 Bond Behavior between UHPC and Precast Concrete
4.9.1 Effect of substrate surface physical condition
In this part of study, the bond performance between UHPC and precast concrete
was investigated with the third-point flexural test. The bond performance was influenced
by four factors: precast concrete surface roughness, precast concrete surface moisture
condition, precast concrete surface cleanliness and the curing condition of the third-point
flexural specimens.
To study the influence of the precast concrete surface roughness on the bond
performance between UHPC and precast concrete, UHPC mixture was cast on the
substrate precast concrete with different surface roughness which included four sawed
face conditions roughened for 0 s, 10 s, 30 s and 60 s, and two molded face conditions
roughened for 0 s and 10 s (see Table 4.19). The surface roughness was quantified by
sand spread test and laser profiling. Before casting UHPC, the substrate precast concrete
surface was cleaned and prepared to saturated surface dry (SSD) condition. After casting,
specimens were demolded at the age of 24 hours and then cured in the moisture room
until the test at the age of 7 days.
To study the influence of the precast concrete surface moisture condition on the
bond performance between UHPC and precast concrete, UHPC mixture was cast on the
substrate precast concrete having molded face roughened for 0 s and 10 s (see Table
4.19). Before casting UHPC, the substrate precast concrete surface was cleaned and kept
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ambient dry. After casting, specimens were demolded at the age of 24 hours and then
cured in the moisture room until the test at the age of 7 days.
To study the influence of the precast concrete surface cleanliness on the bond
performance between UHPC and precast concrete, UHPC mixture was cast on the
substrate precast concrete having molded face roughened for 10 s (see Table 4.19).
Before casting UHPC, the substrate precast concrete surface was not cleaned and was
kept ambient dry. After casting, specimens were demolded at the age of 24 hours and
then cured in the moisture room until the test at the age of 7 days.
To study the influence of the curing condition on the bond performance between
UHPC and precast concrete, UHPC mixture was cast on the substrate precast concrete
having molded face roughened for and 10 s (see Table 4.19). Before casting UHPC, the
substrate precast concrete surface was cleaned and kept ambient dry. After casting, the
composite specimens were demolded at the age of 24 hours and then placed outside the
lab until the test at the age of 7 days.
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Table 4.19 Influence of Surface Roughness on the Bond Performance between
UHPC and Precast Concrete (whole surface roughened)
Influencing
Specimen ID
factor

Surface
roughness

Surface
moisture
condition
Surface
cleanliness
Curing
condition

RS1
RS2
RS3
RS4
RM1
RM2
MM1
MM2

Original
surface

Sawed

Molded

Sand-Blast
roughening
duration (s)
0
10
30
60
0
10
0

Molded

surface
moisture
condition
SSD

Curing
condition

Moisture
room

SSD

10

Dry

Moisture
room

CM2

Molded

10

Dusty +
Dry

Moisture
room

AM1

Molded

10

Dry

Field

4.9.2 Effect of substrate surface roughening pattern
Instead of roughening the entire surface of precast concrete, only a half of the
surface and one quarter of the surface in the tensile stress zoon of the precast concrete
were roughened (see Figure 4.2). Thus, during the third point flexural strength test, the
specimens were load in such a way that the roughened part of the surface of precast was
subjected to tensile stress. The surface condition including roughening duration, moisture
condition et al would be selected after finishing the study described in Table 4.19
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Plan View

Whole surface roughened

Half surface roughened

Quarter surface roughened

Figure 4.2 Different roughening patterns

To maintain a constant surface roughness among the three roughening pattern, the
sandblasting process was controlled by a value defined as roughening intensity which is
calculated by the ratio of roughening duration to roughened surface area. For instance, if
the whole surface was roughened for 10 s, the half surface roughened pattern required 5 s
roughening, and the quarter surface roughened pattern required only 2.5 s roughening.
The second batch of Type III cement was used. All the fresh mixtures for this part
of study were prepared with a UNIVEX M20 planetary mixer following the mixing
procedure 4 as discussed above. After casting, specimens were demolded at the age of 24
hours and then cured in the moisture room until the test at the age of 7 days.
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CHAPTER
5 RESULTS AND DISCUSSIONS

This chapter presents the results of the various researches described in chapter 4.
Discussions are made to interpret the results.
5.1 Preliminary Investigations on Materials’ Selection for UHPC
This section includes the preliminary investigations on the influence of different
types of raw materials on the workability, compressive strength and drying shrinkage of
cementitious mortar with low w/cm (from 0.2 to 0.25). The raw materials include high
range water reducing admixtures, sand, silica fume, silica flour and reinforcing fibers.
5.1.1 High range water reducing admixtures (HRWRA)
The test results of the workability and 3-day compressive strength of fresh
mortars using different HRWRAs are shown in Figure 5.1.

(a) Workability of mortar using liquid
form HRWRA

(b) Workability of mortar using powder
form HRWRA
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(c) 3-day compressive strength of mortar
using liquid form HRWRA

(d) 3-day compressive strength of mortar
using powder form HRWRA

Figure 5.1 Comparison of various HRWRAs

As shown in Figure 5.1a, the best liquid form HRWRA was SP5 (ViscoCrete®
2100) as the mortar using SP5 exhibited the highest flow value among mortars using
other liquid form HRWRAs under the same dosage level. To achieve a full flow (150%
flow) at w/c of 0.25, the dosage of ViscoCrete® 2100 should be higher than 0.6% by
weight of cement. If the w/c went down to 0.2 which was the typical value for UHPC, the
workability of the mixture using ViscoCrete® 2100 was only 56% even at the
manufacture recommended maximum dosage of 1.5% (see Figure 5.1b). If other
materials such as silica fume were to be used in the mixture to further improve the
compressive strength of mortar, the workability of fresh mortar would be even worse.
Due to this reason, ViscoCrete® 2100 was not good enough for developing UHPC.
Another three types of powder form HRWRAs were compared with ViscoCrete® 2100 at
the dosage of 1.5%, (Figure 5.1b). The HRWRA SP8 (Melflux® 4930F) was found to be
the best HRWRA among other HRWRAs. Mortar using SP8 presents 48% higher flow
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value than mortar using SP5. Moreover, Melflux® 4930F performed well in maintaining a
good workability for the following 1 hour after mixing.
Figure 5.1c shows the compressive strength of mixtures using liquid HRWRA at
the highest dosage during the workability test presented in Figure 5.1a. The mixture using
SP4 failed to achieve final set even at 48 hr. Thus the compressive strength is not
presented. The compressive strength of mortar using ViscoCrete® 2100 at dosage of 0.6%
was slightly lower than the highest compressive strength achieved by mixture using SP2.
Figure 5.1d shows the compressive strength of mixtures using liquid or powder HRWRA
at fixed dosage of 1.5% by weight of cement. The compressive strength of mixture using
Melflux® 4930F at dosage of 1.5% was the highest compressive strength among others
including ViscoCrete® 2100. Based on the workability and 3-day compressive strength,
Melflux® 4930F was considered the best HRWRA and would be used for developing
UHPC.
5.1.2 Fine aggregate
5.1.2.1 Comparison between natural sand and Ottawa sand
The comparison of mortars using natural siliceous sand and Ottawa sand from the
perspective of workability and compressive strength of the mortars is shown in Figure
5.2.
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(d) Workability of mortar

(e) Compressive strength of mortar

Figure 5.2 Comparison between natural sand and Ottawa sand

As shown in Figure 5.2a, NS1 and NS2 represent natural sand with the same
gradation as OS1 and OS2 which are Ottawa sand, respectively. It was noted that the
mortars using sand with finer gradation presented less flow value than that using sand
with coarser gradation at all HRWRA (ViscoCrete® 2100) dosage levels, regardless of
natural sand or Ottawa sand being used. Under the same gradation, mortars using Ottawa
sand presented higher flow value than mixtures using natural sand. It was likely due to
the round particle shape of Ottawa sand, while angular particle shape of natural sand. The
workability of mortar using natural sand with natural gradation fell into the middle of the
workability of gradation modified natural sand and Ottawa sand.
As shown in Figure 5.2b, the mortars using sand with finer gradation presented
higher 3-day and 28-day compressive strength than that those using sand with coarser
gradation at the highest HRWRA dosage levels presented in Figure 5.2a, regardless of
natural sand or Ottawa sand being used. Mixture using Ottawa sand with finer gradation
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had the highest 3-day and 28-day compressive strength among others. It was noted that
the 3-day and 28-day compressive strength of mixture using natural sand with natural
gradation were comparable to that of others.
5.1.2.2 Effect of gradation of natural sand on properties of mortar
The workability, compressive strength and drying shrinkage of mixtures using
natural sand with natural gradation, ASTM coarse gradation and ASTM fine gradation
(see Table 3.5) are presented in Figure 5.3.

(a)

Workability

(b)

(c)

28-day compressive strength

Drying shrinkage

Figure 5.3 Effect of gradation of natural sand
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As shown in Figure 5.3a, the flow of mortars using natural sand slightly decreased
with the increase in the fineness of the gradation. For instance the flow of mortar using
natural sand with ASTM fine gradation was 7% lower than that of mortar using natural
sand with ASTM coarse gradation. As shown in Figure 5.3b, the 28-day compressive
strength of mortar was not significantly affected by the fineness of the gradation of sand.
It was also observed in Figure 5.3c that the drying shrinkage behavior of mortars was not
significantly affected by the gradation of sand either.
Both Figure 5.2 and Figure 5.3 indicate that the mortars using natural siliceous
sand with natural gradation presented acceptable performance in comparison with Ottawa
sand. The gradation of natural sand does not have significant effect on the workability,
compressive strength and drying shrinkage. Considering the potential increase in the cost
if Ottawa sand or natural sand with modified gradation is used as fine aggregate, natural
siliceous sand with natural gradation will be used in the future development of UHPC.
5.1.3 Silica fume and silica flour
5.1.3.1 Effect of SFU and SL on the compressive strength of mortar
The effects of SFU content, SFL content, and fineness of SFL on the compressive
strength of mortar at the ages of 1 and 28 days are presented in Figure. 5.4.
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(a)

Effect of SFU content

(b)

Effect of SFL content

(Finest)
(c)

Effect of SFL fineness

Figure 5.4 Compressive strength of mortar containing SFU and SFL

As shown in Figure 5.4a, at the age of 1 day, the increase in the SFU content did
not significantly affect the compressive strength of mortar. However, at the age of 28
days, the increase in the SFU content up to 20% by mass of cement improved the
compressive strength of mortar by 21%. Beyond SFU content of 20%, the increase in the
SFU content resulted in reduction in the compressive strength of mortar. The
improvement in the compressive strength of mortar due to the use of SFU was significant
only in later ages, which was in accordance with previous findings and could be
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attributed to the pozzolanic effect of SFU which was more prominent at later ages [12,
90].
As shown in Figure 5.4b, the effect of SFL content on the compressive strength of
mortar depended on the age of testing. At the age of 1 day, SFL content at 10% did not
have noticeable effect on the compressive strength of mortar compared with SFL content
at 0%. Beyond SFL content at 10%, the increase in the SFL content significantly
improved the early age compressive strength of mortar. For instance as the SFL content
increased to 20% and 30%, the compressive strength of mortar increased by 22% and
41%, compared with mortar without SFL, respectively. At the age of 28 days, SFL
content at 10% slightly increased the compressive strength by 3%, compared with mortar
without SFL. Beyond SFL content at 10%, the increase in the SFL content significantly
decreased the compressive strength of mortar. For instance the compressive strength of
mortars with SFL contents at 20% and 30% was 3% and 9% lower than that of mortar
without SFL, respectively.
As shown in Figure 5.4c, the fineness of SFL had significant effect on the
compressive strength of mortar. The decrease in the fineness of SFL resulted in a
decrease in the compressive strength of mortar at both ages of 1 and 28 days. At the age
of 1 day, as the specific surface area of SFL decreased from 5.0 to 0.91 m2/g the
compressive strength of mortar was reduced by 19%. Similar trend was observed in
previous studies, which was attributed to the fact that finer SFL was more effective in
improving the compressive strength of concrete at early stage by increasing the rate of
cement hydration through nucleation effect [91]. At the age of 28 days, mortar SFL1-
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20% showed higher strength than mortars SFL2-20% and SFL3-20%, respectively. This
was attributed to the densified microstructure, which was supported by the data presented
later that mortar SFL1-20% had less volume of permeable voids than mortars SFL2-20%
and SFL3-20% by 29% and 20%, respectively.
In order to determine the reasons underlying the observed phenomenon in the
compressive strength, mortars with SFL contents at 0%, 10%, and 30% (SFL1-0%,
SFL1-10%, and SFL1-30%) were selected to investigate the relative degree of hydration
of cementitious materials using TGA and LOI tests. The test results are shown in Figure
5.5. The Ca(OH)2 was a product of hydration of cementitious materials. It was assumed
that all the Ca(OH)2 in the tested sample came from the hydration of cementitious
materials. Therefore, the difference in Ca(OH)2 content indicated the difference in the
degree of hydration resulting from different SFL content. Bound water content was
another indicator of the degree of hydration. Bound water was released when the sample
was heated from 105 oC to 1000 oC. In reality, besides the bound water produced by
hydration, the impurities in materials before being mixed together might also contribute
to the weight loss between 105 oC and 1000 oC. In order to exclude the impact of the
impurities on the bound water data, LOI test was conducted on the oven dried virgin
cement, SFU, SFL, and fine aggregate as well. The bound water data from the mortars
was corrected accordingly.
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(a) Effect of SFL content on Ca(HO)2
content

(b)Effect of SFL content on bound water
content

Figure 5.5 Effect of SFL content on the relatively degree of hydration of
cementitious materials

As presented in Figure 5.5, at the age of 1 day, when SFL content increased from
0% to 10%, the Ca(OH)2 content of mortar slightly decreased by 2%. However, beyond
SFL content of 10%, the Ca(OH)2 content significantly increased with the SFL content.
For instance mortar SFL1-30% had 66% more Ca(OH)2 content than mortar SFL1-0%.
Similarly the bound water content increased with the increase in the SFL content. As the
contents of SFL increased from 0% to 10% and 30%, the bound water contents of mortars
at the age of 1 day increased by 6% and 10%, respectively. The observed data of
Ca(OH)2 content and bound water content at the age of 1 day provided proof that SFL
promoted the hydration of cementitious materials at early ages, which as in accordance
with previous literature [15, 91].
However, at the age of 28 days, higher content of SFL seemed to inhibit the
hydration of cementitious materials, which was indicated by the decreasing amount of
Ca(OH)2 content or decreasing bound water content as the SFL content increased. As the
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contents of SFL increased from 0% to 10% and 30%, the Ca(OH)2 contents of mortars
decreased by 6% and 25%, respectively. The addition of SFL showed insignificant
impact on the Ca(OH)2 content at 10% content level, but significant impact at a content of
30%. The bound water contents of mortars increased by 1% and 4%, as the contents of
SFL increased from 0% to 10% and 30%, respectively. The inhibited hydration could be
explained by the results of volume of permeable voids of mortars, which was presented
later in Figure 5.7 which showed that a less permeable hardened paste structure was
found when the SFL content was higher. It was possible that such less permeable
structure slowered further hydration due to lack of access to moisture for un-hydrated
cementitious material.
The results of the Ca(OH)2 content and bound water content test explained the
phenomenon of compressive strength of mortars with SFL. At early ages, mortar with
higher SFL content had higher strength due to increased degree of hydration of
cementitious materials. At later ages, mortar with higher SFL content had lower strength
due to less C-S-H gel formed, as a result of lack of access to moisture for continued
hydration.
5.1.3.2 Effect of SFU and SFL on the rapid chloride ion permeability of mortar
The effects of SFU content, SFL content, and SFL fineness on the RCP of mortar
at the age of 28 days are presented in Figure 5.6.
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(a) Effect of SFU content

(b) Effect of SFL content

(c) Effect of SFL fineness
Figure 5.6 RCP test results of mortar containing SFU and SFL

As shown in Figure 5.6a, the use of SFU significantly reduced the RCP of mortar.
At SFU content of 10% and 20%, the charge passed of mortar was 81% and 91% lower
than that of mortar at SFU content of 0%, respectively. However, when SFU content was
higher than 20% no significant change was observed in the charge passed. For instance,
the charge passed through sample with SFU content of 20% was only 4% more than that
with SFU content of 30%. The micro-filler effect and pozzolanic effect of SFU, which
densified the pore structure of hardened concrete, were believed to be the main reasons of
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improved resistance to RCP [46, 47]. The criteria of classifying the resistance to RCP in
accordance with ASTM C1202 are shown in Figure 5.6 for reference.
The increasing content of SFL decreased the amount of charge passed in mortar,
as shown in Figure 5.6b. Compared with mortar with 0% substitution of fine aggregate by
SFL, 10%, 20%, and 30% substitution reduced charge passed by 31%, 42%, and 49%
respectively. Since all the other factors were kept constant except SFL content, the
possible reason for such reduction was the denser microstructure of mortar [15, 91].
It is noted in Figure 5.6c that the increasing fineness of SFL decreased the amount
of charge passed in mortar. Compared to mortar using SFL with specific surface area of
5.0 m2/g, mortar using SFL with specific surface area of 1.9 and 0.91 m2/g resulted in
64% and 78% more charge passing through, respectively. This phenomenon indicated
that finer SFL behaved more effectively in densifying the microstructure of mortar.
5.1.3.3 Effect of SFU and SFL on the bulk density and volume of permeable voids
of mortar
The effects of SFU and SFL on the bulk density are shown in Figure 5.7.

(a) Bulk density
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(b) Volume of permeable voids
Figure 5.7 Bulk density and volume of permeable voids of mortar containing SFU
and SFL

As shown in Figure 5.7a, the addition of SFU which had lower specific gravity
than cement slightly reduced the bulk density of mortar. When the SFU contents
increased from 0% to 30%, the bulk density of mortar was reduced by 2%. The bulk
densities of mixtures containing SFL fluctuate within the range from 2244 kg/m3 to
2261kg/m3. There was no clear trend of the effect of SFL on the bulk density, because of
the similar specific gravity of SFL and sand.
The influence of SFU and SFL on the volume of permeable voids of mortar was
significant, as shown in Figure 5.7b. The addition of SFU up to 20% which appeared to
be the optimum SFU content for resisting chloride ion permeability decreased the volume
of permeable voids of mortar by 38% when compared with 0% addition. This was
attributed to the filler effect and pozzolanic effect of SFU, which densified the
microstructure of mortar [12]. The partial substitution of fine aggregate of mortar by SFL
reduced the volume of permeable voids. Mortar with SFL content of 20%, which
appeared to be the optimum SFL content had 20% less volume of permeable voids than
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mixture without SFL. Finer SFL appeared to be most effective in reducing the volume of
permeable voids. Mortar containing the finest SFL had the lowest volume of permeable
voids among the three types of SFL. The effect of SFL densifying the microstructure of
mortar by either promoting hydration or filler effect was considered as the main reason
[15, 91].
The correlation between the charge passed of RCP test and volume of permeable
of mortar containing SFU or SFL was studied. In many of the past research, the
correlation between the chloride ion permeability and volume of permeable voids was
found to be weak [133]. However, in this study, the correlation between the increasing
charge passed and increasing volume of permeable voids could be described with a
regression equation with R2 of 0.74, as shown in Figure 5.8.

Figure 5.8 Correlation between the charge passed of RCP test and volume of
permeable voids
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5.1.3.4 Drying shrinkage
The effects of SFU content, SFL content, and SFL fineness on the drying
shrinkage of mortar are presented in Figure 5.9.

(a) Effect of SFU content

(b) Effect of SFL content

(c) Effect of SFL fineness
Figure 5.9 Drying shrinkage of mortar

As shown in Figure 5.9a, the effect of SFU addition on the drying shrinkage of
mortar did not show up until the period of exposure of 117 days. However, from the
period of exposure of 117 days to 177 days, the addition of SFU induced slightly increase
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in the drying shrinkage of mortar. Although similar phenomenon of increased drying
shrinkage in the presence of SFU had been found in literature [57], other studies showed
different phenomenon that the addition of SFU reduced the drying shrinkage of concrete
[58]. In this study, the higher capillary stress due to the finer pore size distribution in
mortar resulting from the micro filler effect and pozzolanic effect of SFU would likely be
responsible for the observed increased drying shrinkage of mortar [12].
The substitution of fine aggregate by SFL increases drying shrinkage of mortar, as
seen in Figure 5.9b. mortars using the finest SFL at contents of 10%, 20%, and 30%
(SFL1-10%, SFL1-20%, and SFL1-30%) all have slightly higher drying shrinkage than
mortar without SFL (SFL-0%). Similar phenomenon was observed in other studies which
used inert fine materials [89]. However, the difference in drying shrinkage among
mortars with different amount of SFL was not significant in this study.
The drying shrinkage of mortars with three types of SFL with different fineness
was compared in Figure 5.9c. It can be observed that mortar with the finest SFL (SFL120%) exhibited higher drying shrinkage compared to mortars with SFL2 and SFL3.
Reminding that the mortar with the finest SFL had the lowest volume of permeable voids
and the mortar with the medium fineness SFL had the highest volume of permeable
voids, it was reasonable to believe that the SFL which densified the microstructure of
mortar better resulted in higher drying shrinkage. The higher capillary stress due to the
finer pore size distribution in mortar explained this phenomenon [12].
5.1.3.5 Micro structure of mortar containing SFU and SFL
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The microstructure of mortar C-0.225, SFL1-20% and SFL3-20% under the SEM
is shown in Figure 5.10.
Un-hydrated cement
Un-hydrated cement

Sand
Sand

a.

C-0.225

b.

SFL1-20%

Un-hydrated cement

SFL3 particles

SFL3-20%
Figure 5.10 Microstructural of mortar containing SFU and SFL

As shown in Figure 5.10, there were un-hydrated cement particles spreading in
the system due to a very low w/cm of 0.225. The SFL1 had very fine particle size, and
thus no silica flour particles was observed in Figure 5.10b. However, SFL3 had coarse
particle size which were observed in Figure 5.10c.
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5.1.4 Reinforcing fibers
The comparison of mortars using PVA micro fiber (PVAMF) and steel micro
fiber (SMF) from the perspective of workability, compressive strength and drying
shrinkage behavior of the mortars is shown in Figure 5.11. In these mixtures, 100%
portland cement was used and a constant dosage of HRWRA was used at a dosage of 1%
by mass of cement.

(a) Workability

(b) Compressive strength

(c) Drying shrinkage
Figure 5.11 Influence of different types of fiber on properties of mortar
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As shown in Figure 5.11a, the increase in the reinforcing fibers content resulted in
a decrease in the workability of mortar, regardless of PVAMF or SMF being used. It is
also noted that the PVAMF presented more significant influence in reducing the
workability than SMF. As the fiber content increased from 0 to 2% by volume of total
mortar, the flow of mortar using PVAMF decreased by 60%, the flow of mortar using
SMF decreased by 20%.
As shown in Figure 5.11b, PVAMF and SMF presented different influence on the
compressive strength of mortar. At a given age, the use of PVAMF appeared to decrease
the compressive strength, while the use of SMF appeared to improve the compressive
strength. For instance, at the age of 28 days, the compressive strength of mortar with
PVAMF content at 2% was 17% lower than that of control, and the compressive strength
of mortar with SMF content at 2% was 5% higher than that of control. However, it should
be noted that in these mixtures 100% portland cement was used and no silica fume was
used. High percent increase in the compressive strength due to the use of SMF was
expected in the mortar containing silica fume.
As shown in Figure 5.11c, both PVAMF and SMF presented benefit effect in
reducing the drying shrinkage of mortar. For mortars using SMF, the increase in the SMF
content resulted in a decrease in the drying shrinkage. For instance, at the period of
exposure of 25 days, the drying shrinkage of mortar with SMF content at 2% was 16%
lower than that of control. However, for mortars using PVAMF, the decrease in the
drying shrinkage of mortar was not significant. For instance, at the period of exposure of
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25 days, the drying shrinkage of mortar with PVAMF content at 2% was 9% lower than
that of control.
As discussed above, SMF caused less reduction in the workability and more
reduction in the drying shrinkage of mortar than PVAMF. SMF also improved the
compressive strength of mortar compared to PVAMF. Thus, from the perspectives of
workability, compressive strength and drying shrinkage, the use of SMF is preferable for
the development of UHPC than PVAMF.
5.1.5 Summary of preliminary investigation on materials selection
The powder form HRWRA Melflux® 4930F which was a poly-carboxylate etherbased HRWRA was the best HRWRA among all other types of HRWRAs investigated
from the consideration of improving the workability and causing limited 28-day
compressive strength reduction of mortar. It will be used for developing UHPC in the
following experimental research.
Mortar prepared with Ottawa sand exhibited higher workability and 28-day
compressive strength than natural sand at all gradation conditions due to the sphere
particles shape of Ottawa sand. Mortar prepared with natural sand with natural gradation
also exhibited good workability and 28-day compressive strength. The workability,
compressive strength, drying shrinkage of mortar was not significantly affected by the
gradation of natural sand (natural gradation, ASTM coarse gradation and ASTM fine
gradation). Considering the potential increase in the cost if Ottawa sand or natural
siliceous sand with modified gradation is used as fine aggregate, natural siliceous sand
with natural gradation will be used in the future development of UHPC.
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SFU was more effective in improving compressive strength of mortar at later ages
than at early ages. The usage of fine SFL significantly improved the compressive strength
at early ages (i.e. 1 day), due to its effect in increasing the rate of hydration of
cementitious materials at early ages. However, higher SFL content would reduce the
later-age compressive strengths, due to inhibited hydration of cementitious materials at
later ages. The use of SFU and the finest SFL was helpful in reducing the chloride ion
permeability of mortar. The effect of densifying the microstructure of mortar by SFU and
SFL combination were considered as the main reasons for the reduced permeability of
mortar. The bulk density of mortar decreased with increasing SFU content. SFL did not
have significant effect on the bulk density of mortar. An optimal combination of SFU and
SFL gave less volume of permeable voids of mortar. SFL1 was found to be most
effective in reducing the volume of permeable voids among three SFLs with different
fineness. The adoption of higher content of SFU or SFL increased the drying shrinkage of
mortar. Among the SFLs with different fineness, the finest SFL densified the
microstructure of mortar and consequently resulted in the highest drying shrinkage. Thus,
for future research, SFL will not necessarily be a component of UHPC developed at
ambient temperature, unless the situations when high early age strength is desired.
Regardless of PVAMF or SMF being used, the increase in the fiber content
resulted in decrease in both the workability and the drying shrinkage of mortar. PVAMF
decreased the compressive strength, while SMF improved the compressive strength of
mortar. Moreover, SMF caused less reduction in the workability and more reduction in
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the drying shrinkage of mortar than PVAMF. Thus, SMF are more preferable for the
development of UHPC than PVAMF in the future development of UHPC.
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5.2 Preliminary Investigations on Developing UHPC1
This section includes the preliminary investigations on the fresh state properties,
compressive strength, splitting tensile strength, flexural strength, modulus of elasticity,
rapid chloride ion permeability, drying shrinkage and bond performance of UHPC
mixtures. Issues related to the development of UHPC are identified.
5.2.1 Fresh concrete properties
The workability, density, air content, and time of set of UHPC C, SU2, SU2F, and
SU2S are shown in Table 5.1. All the UHPCs used HRWRA at the dosage of 1% by
weight of the cementitious materials.

Table 5.1 Properties of freshly prepared UHPCs
UHPC ID Flow (%) Density (kg/m3) Air Content (%)
C
SU2
SU2F
SU2S

150
150
150
150

2416
2374
2459
2453

3.5
3.2
2.6
3.1

Time of Set (hour)
Initial

Final

5.58
7.43
7.30
14.93

7.06
8.71
8.42
16.40

Note: kg/m3=1.69 lb/yd3

As shown in Table 5.1, the flow values of all the UHPC mixtures were equal to
150% which was the maximum value that could be captured by the test method in ASTM
This section has been published: Li, Z., Harish K.V., Rangaraju P. R., Schiff, S., “Development of ultrahigh performance concrete for shear-keys in precast bridges using locally available materials in South
Carolina.” Proceedings 2014 60th Anniversary Convention and National Bridge Conference, Washington
D.C., Sep. 2014.
1
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C1437. It was also noted that, in this investigation, the effects of SU, SMF or SRA on
the workability of UHPC could not be captured by following ASTM C1437, as all the
mixtures exhibited 150% flow. However, during the test, it was observed that the
mixtures present different appearance. To be specific, some of the UHPCs reached 150%
flow with the flow table being dropped less than 25 times, while some of the UHPCs
reached 150% flow with the flow table being dropped 25 times. The method in ASTM
1437 could not tell the difference in workability of high-flow UHPCs. A modification to
the standard ASTM C1437 method is used for study which will be discussed later.
The test results of density, air content, and time of set showed a general picture of
the effect of SU, SMF, and SRA. The addition of SU at 20% dosage level reduced the
density and air content by 2% and 9%, respectively compared to the control mixture (C).
The time of initial and final set in SU2 mixture were delayed by 33% and 23%,
respectively, when compared with control mixture C. In the comparison between UHPC
SU2 and SU2F, it was observed that the addition of SMF increased the density by 4%,
but decreased the air content by 19%. It did not have significant effect on the time of set.
The addition of SRA slightly reduced the density by 0.2%, but increased the air content
by 19%, when compared with UHPC SU2F. However, the addition of SRA significantly
delayed the time of initial and final set by 105% and 95%, respectively, compared with
UHPC SU2F. The abnormal long time of set of UHPC SU2S appeared to be influenced
by the combination of HRWRA and SRA in the study.
5.2.2 Compressive strength
The compressive strength of UHPCs investigated is shown in Figure 5.12.
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Figure 5.12 Compressive strength of UHPC

As shown in Figure 5.12, the use of SFU at content of 20% decreases the
compressive strength of UHPC at early ages. However, SFU significantly improves the
compressive strength at the age of 28 days. A comparison of the 28-day compressive
strengths reveals that 20% addition of SFU improved the compressive strength by 18%,
compared with the control. Similar phenomenon has been observed and attributed to the
filler effect and pozzolanic effect of SFU [46, 47]. The effect of addition of 2% SMF can
be assessed by comparing the compressive strength of UHPC SU2 with UHPC SU2F.
The compressive strength of UHPC SU2F is significantly higher than the SU2 at all
curing periods. For example, at the ages of 7 and 28 days, the percentage increase in
compressive strength due to microfiber addition is 46% and 28%, respectively. The effect
of addition of 2% SRA can be assessed by comparing the compressive strength of UHPC
SU2F with UHPC SU2S. The compressive strength of SU2S mixture is significantly
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lower than the UHPC SU2F mixture, especially at the age of 1 day. The percentage
decrease in the compressive strength due to addition of SRA decreases with age from 1
day to 7 days. At the age of 7 days, this percentage decrease in strength due to SRA
addition is only 3%, compared with 91% decrease at the age of 1 day. The compressive
strengths of UHPCs with and without SRA are almost identical at the age of 28 days.
From these results it appears that the addition of SRA at 2% has a tendency to lower early
age compressive strength with no significant negative effect at later ages.
5.2.3 Post-crack tensile strength (splitting tensile strength and flexural
strength)
The effects of SU, SMF, and SRA, on the post-crack splitting tensile strength of
UHPC at the age of 28 days are shown in Figure 5.13.

(a) Split tensile strength

(b) Flexural strength

Figure 5.13 Tensile Strength
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As shown in Figure 5.13a, the use of SFU did not have significant effect on the
post-crack splitting tensile strength. The post-crack splitting tensile strength values of
UHPCs with SFU dosage of 10% and 20% was 6% lower and 13% higher than that of
UHPC without SFU, respectively. Comparing the post-crack splitting tensile strength
values for the UHPC SU2 and SU2F, it was observed that the addition of SMF increased
the tensile strength substantially by 115%. The post-crack splitting tensile strength of
UHPC SU2S, which contains SRA, was almost identical to that of SUSF, but
significantly higher than UHPCs C, SU1, and SU2 by 140%, 160%, and 116%,
respectively.
As shown in Figure 5.13b, addition of SFU did not have significant effect on the
post-crack flexural strength. The 28-day flexural strength of UHPCs with SFU dosage of
10% and 20% was 6% higher and 1% lower than UHPC without SFU, respectively.
Comparing the post-crack flexural strength values for UHPCs SU2 and SU2F at the age
of 28 days, it was observed that the addition of SMF increased the post-crack flexural
strength by 131%. The addition of SRA decreased the post-crack flexural strength of the
UHPC SU2S specimen by 21%, which was evident by comparing the test results of SU2F
and SU2S mixture. But the post-crack flexural strength of UHPC SU2S was still higher
than UHPC C and SU2 by 81% and 83%, respectively. The use of SMF was the most
effective way of improving the post-crack tensile strength of UHPC. This observation
was similar to that reported in previous studies, and the crack restraining ability of
microfibers was believed to be the reasons [12]. In these studies, the impact of using SU
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alone on the post-crack tensile strength of the UHPC was not significant at any dosage
level.
5.2.4 Modulus of elasticity (MOE)
The MOE of UHPC at the curing age of 28 days is shown in Figure 5.14. By
comparing the 28-day MOE values of UHPCs C and SU2, it was found that the addition
of SFU slightly increased the MOE. The addition of SU at 20% increased the MOE by
9%, compared with UHPC without SFU. Similarly by comparing the MOE values of
UHPCs SU2 and SU2F mixture, it was observed that the addition of SMF decreased the
MOE by 2%. The addition of SRA reduced the MOE of UHPC by 5%, which was
evident by comparing the test results of SU2S and SU2F mixture. Similar effect of SFU
and SMF on MOE had also been observed in other studies [134]. Koksal et al found that
MOE of high strength concrete increased as the SFU content increased up to 15%, but it
decreased as the SFU content further increased [134]. They attributed this phenomenon to
the brittle structure of high strength concrete caused by SFU. It was also found that SMF
decreased the MOE of high strength concrete, which was attributed to the ductility of
SMF [134].
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Figure 5.14 MOE of UHPC

5.2.5 Rapid chloride ion permeability (RCP)
The RCP test results of UHPC at the age of 28 days are shown in Figure 5.15. A
comparison among test results of C and SU2 mixture indicated that the 20% addition of
SFU decreased the charge passed substantially by 89%. By comparing the RCP of the
SU2 and SU2F mixture, it was observed that the addition of SMF significantly increased
the RCP value of concrete by about 14 times. A comparison of UHPC SU2F and SU2S
mixture revealed that the addition of SRA reduced the charge passed by 80%. The
addition of SFU appeared to be the most effective way of reducing the chloride
permeability of UHPC. The micro-filler and pozzolanic effects of SU resulting in the
densification of microstructure of UHPC was believed to be the main reason for the
observed reduction in the RCP values [46, 47]. The reason for higher RCP value of SU2F
mixture was not clear so far. More research is conducted and presented later in this study.
In the presence of SRA, the UHPC mixtures containing SMF showed reduced RCP value.
Although the precise mechanism is not clear at the present time, the presence of SRA in
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the mixture may have produced a better insulation between the individual steel fibers and
thus reducing the RCP values. More studies are needed to confirm these effects of SRA.

Figure 5.15 RCP of UHPC
5.2.6 Drying shrinkage test results
The drying shrinkage test results of the UHPCs are shown in Figure 5.16. At 6
months, the addition of SU at 10% and 20% reduced the drying shrinkage by 31% and
20%, compared with UHPC C mixture. Similar phenomenon of reduces drying shrinkage
with the addition of SFU was observed in previous studies [58].
The use of SMF and/or SRA reduced the drying shrinkage of UHPC. At 6
months, it was observed that the drying shrinkage of SU2F was 11% less than that of
SU2. The main reason for the reduced drying shrinkage in the presence of SMF was that
the fibers restrained the shrinkage of cementitious paste in the UHPC. A comparison
between UHPCs SU2F and SU2S showed that 2% addition of SRA reduced the drying
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shrinkage by 8%. The reason of reduced drying shrinkage in presence of SRA was likely
due to the reduced surface tension of pore fluid [135].

Figure 5.16 Drying shrinkage behavior

5.2.7 Bond behavior between UHPC and precast concrete
5.2.7.1 Material properties of precast concrete
The mechanical properties of the precast concrete at the age of 28 and 56 days are
shown in Table 5.2.

Table 5.2 Mechanical properties of the precast concrete

Compressive strength
Third-point flexural strength
MOE

Average
(MPa)
49.1
6.4
28961

28 days
Coefficient of
variance (%)
2.0
7.4
2.5
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Average
(MPa)
49.2
6.6
-

56 days
Coefficient of
variance (%)
9.1
7.2
-

5.2.7.2 Slant shear
The basic failure modes observed during slant shear test were classified as (i)
failure in precast concrete, (ii) failure in the bond and (iii) failure in both precast concrete
and UHPC, based on the location of the main cracks, as shown in Figure 5.17. The dash
line in Figure 5.17 indicates the location of the interface between precast concrete and
UHPC of the specimen. The most frequent failure mode that occurred was the failure in
precast concrete, as shown in Figure 5.17a. In this failure mode, the main cracks occurred
in the precast concrete portion. Some minor cracks at the bond between precast concrete
and UHPC, and some minor cracks might propagate into the UHPC portion. However the
UHPC portion and precast concrete portion still had strong bond after test finished.
Another failure mode was de-bonding at the interface between precast concrete and
UHPC, as shown in Figure 5.17b. In this failure mode, minor cracks or no cracks
occurred in either the precast or the UHPC portion of the specimen. The last failure mode
was the failure in both precast concrete and UHPC, as shown in Figure 5.17c. In this
failure mode, the cracks initiated first in the precast concrete portion and then penetrated
into the UHPC portion when the specimen failed. No cracks were observed at the bond
between precast concrete and UHPC. The ultimate load and failure mode of specimens in
the slant shear test are shown in Table 5.3.

145

(a) Failure in precast
concrete

(c) Failure in both precast
concrete and UHPC

(b) De-bonding

Figure 5.17 Failure modes of slant shear test

Table 5.3 Ultimate load and failure mode of slant shear test specimens

C
SU2

Average
(kN)
128.4
148.0

7-day
COV
(%)
2.0
8.4

SU2F

292.8

6.6

SU2S

283.9

11.2

Mixture ID

Failure
mode a
Precast
Precast
De-bonding
or precast b
Precast

Average
(kN)
209.1
254.8

28-day
COV
Failure mode a
(%)
4.7
Precast
5.2
Precast+UHPC

264.8

9.6

Precast

303.2

10.5

Precast

Note: “Precast” failure in precast concrete; “De-bonding or precast” de-bonding failure or failure in
precast concrete; “Precast+UHPC” failure in both precast concrete and UHPC. b of the three specimens,
only one had de-bonding failure.
a

As shown in Table 5.3, all the specimens presented adequate bond between
precast concrete and UHPC under shear stress, except one out of the three specimens
made with precast concrete and mixture SU2F failed at the bond at 7 days after casting
UHPC. This was considered as an outlier of the test results. The influence of using SFU,
SMF or SRA on the bond strength between precast concrete and UHPC under shear stress
could not be identified, since all of the specimens presented adequate bond in this study.
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Additional research is needed to reveal the influence of using SFU, SMF or SRA on the
bond behavior between precast concrete and UHPC under shear stress.
Another interesting finding from the slant shear test was that as the compressive
strength of UHPC increased the ultimate load carried by the slant shear specimen
increased. This can be observed in Table 5.3 by comparing the ultimate load of specimen
made with mixtures C, SU2, SU2F and SU2S under the same curing age, or comparing
the ultimate load of specimen made with same UHPC at different curing age. Reminding
that when the slant shear test was conducted at the age of 7 and 28 days after casting
UHPC, the precast concrete have been cured for 35 and 56 days, respectively. However,
from the age of 28 days to 56 days, the compressive strength of precast concrete did not
change significantly, as shown in Table 5.2. The compressive strength of the precast
concrete was 49.1MPa and 49.2 MPa at the age of 28 days and 56 days, respectively. If
the compressive strength of the precast concrete from the age of 28 days to 56 days was
assumed constant, the ultimate load for breaking 75 mm ×150 mm precast concrete
cylinder was found to be 224kN, based on the compressive strength of 49.2 MPa. This
ultimate load value was in the middle of the measured ultimate load value of slant shear
specimens made with mixtures C, SU2, SU2F and SU2S at the age of 7 and 28 days after
casting UHPC. In other words, the ultimate load of pure precast concrete cylinder was
different from the ultimate load of precast concrete bonded with UHPC. It was noted that
the failure mode in pure precast specimen was typical failure mode with the formation of
a failure cone, while the failure mode in the UHPC bonded specimen was of tensile
failure in the precast portion of the specimen (see the longitudinal cracks in Figure
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5.17a). This phenomenon revealed that the mechanism of the failure of precast concrete
was changed by the use of UHPC. Likely, the presence of SMF in mixture SU2F and
SU2S increased the ultimate load due to the enhanced lateral restraining on the precast
portion of the specimen. Clearly, the performance of the composite cylinder was a
function of the individual properties of UHPC and precast concrete. The interaction
between the component materials was not studied in this research. However, further
scrutiny of the interaction is necessary to explain the observed behavior.
5.2.7.3 Third-point Flexural strength test
As shown in Figure 5.18, all of the specimens made with mixtures C, SU2, SU2F
and SU2S failed in the precast concrete. No crack was observed at either the bond
between precast concrete and UHPC or the UHPC portion.

(a) Failed section of the specimen

(b) Failed group of specimens

Figure 5.18 Failure mode of third-point flexural bond strength test
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The average flexural strength of precast concrete was 6.58 MPa, with the
coefficient of variance of 7.2%. The flexural strength of bond specimen (precast
concrete-UHPC prism) and pure UHPC specimen are compared and shown in Table 5.4.

Table 5.4 28-day fracture stress of third point flexural specimen
Mixture
ID
C
SU2
SU2F
SU2S

Bond specimen
Average (MPa) COV (%)
6.39
7.8
6.4
11.5
6.2
3.7
6.7
6.0

Monolithic UHPC specimen
Average (MPa) COV (%)
14.1
3.8
14.5
4.1
32.1
5.4
25.4
5.8

As Table 5.4 shows, the fracture stress of specimen made with precast concrete and

UHPC was similar to the fracture stress of pure precast concrete prism and much lower
than the fracture stress of the pure UHPC prism. The use of SFU, SMF or SRA did not
have any significant influence on the bond strength between precast concrete and UHPC
under flexural stress. All of the specimens showed adequate bond between the precast
concrete and UHPC in this study.
5.2.7.4 Pull-off test
The failure modes observed during pull-off test were classified as failure in
precast concrete, failure in the bond between precast concrete and UHPC and failure in
the epoxy, based on the location of the main cracks. The most frequent failure mode that
occurred was the failure in precast concrete. In this failure mode, a single crack occurred
in the precast concrete portion. No crack was observed in the bond or in the UHPC.
Another failure mode was the failure in the bond between precast concrete and UHPC. In
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this failure mode, a single crack occurred at the interface between precast concrete and
UHPC. The specimen was broken into two pieces which were the precast concrete
portion and the UHPC portion. These two portions themselves had no cracks at all. The
last failure mode was the failure in epoxy, which represented a failure of the bond
between the aluminum disc and the UHPC.
The ultimate load carried by the slab pull-off test specimens at the age of 7 and 28
days after casting UHPC is shown in Table 5.5.

Table 5.5 Ultimate load of slab pull-off test specimens of UHPC
Mixture
ID
C
SU2
SU2F
SU2S

7-day ultimate load
COV
Average (kN)
Failure mode*
(%)
1.7
29.4
Bond
3.9
5.1
Precast
4.6
6.5
Precast
6.0
0.0
Precast

28-day ultimate load
COV
Average (kN)
Failure mode*
(%)
4.3
2.3
Bond
4.8
2.5
Precast
5.9
12.1
Precast
6.2
6.8
Precast

Note: *“Precast” failure occurred in the concrete portion, “Bond” failure occurred at bond between precast
concrete and UHPC.

As shown in Table 5.5, the control mixture C mixture did not have good bond
with the precast concrete at the ages of both 7 and 28 days. For the mixture containing
SFU and mixture containing both SFU and SMF, adequate bond was observed, as the
failure occurred in the precast concrete. The beneficial effect of SFU was identified in
this test and such effect was attributed to the formation of a denser interface between the
precast concrete and newly poured UHPC [136]. The mixture SU2S performed equally
well compared to mixture SU2F in the pull-off bond strength test. The influence of using
SMF or SRA on the bond strength between precast concrete and UHPC under direct
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tensile stress could not be identified, since all of the specimens using presented adequate
bond.
Similar finding to the slant shear test was observed in pull-off test that as the
compressive strength of UHPC increased the ultimate load when pull-off test specimen
failed increased. This can be observed in Table 5.5 by comparing the ultimate load of
specimen made with mixtures C, SU2, SU2F and SU2S at the same curing age, or
comparing the ultimate load of specimen made with same UHPC at different curing age.
The properties of the precast concrete in the four pull-off test were the same. The
difference in the ultimate load seemed to be related with the compressive strength of
UHPC. This phenomenon also revealed that the mechanism of the failure of precast
concrete was affected by the compressive strength of UHPC. Additional studies are
needed to further investigate more fundamental issue of the bond strength between UHPC
and precast concrete.
5.2.7.5 Discussion of the bond test methods and results
The widely used test methods for evaluating bond performance between UHPC
and precast concrete include slant-shear test, splitting tensile test and pull-off test, and
these tests evaluate the bond performance between the two materials under shear, indirect
tension and direct tension, respectively [121, 122]. In this study, slant-shear test, pull-off
test and third-point flexural test are used to evaluate the bond performance between the
two materials. Splitting tensile test was not used. Third-point flexural test evaluates the
bond performance under flexural tension. This test method is new, as it has not been used
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for studying the bond performance between UHPC and precast concrete in previous
literature.
One of the problems with the slant-shear test is that the interface between UHPC
and precast concrete is subjected to a combined influence of compressive stress and shear
stress [137, 138]. The complicated stress condition causes inconsistency in the test results.
As observed in this study, even within the same group of specimens, different failure
modes have been observed in the slant shear test. Specifically, two failure modes – debonding failure and failure in precast concrete-were observed between UHPC 2 and
precast concrete at the age of 7 days, and two failure modes - failure in UHPC and failure
in precast concrete -were observed between UHPC 1 and precast concrete at the age of 28
days. Such inconsistence in the test results gives confusing information.
The problem with the pull-off test is the difficulty of conducting the test including:
need for a large scale precast concrete slab that needs to be cast; the effect of drilling on
formation of any micro-cracking; strong bonding materials (usually ultra-strong epoxy) is
needed to provide strong bond between the metal disc and the concrete specimen, and
such bonding materials are costly; and all the preparation work needs to be done one 1
day before the test as the bonding materials require certain curing time.
Third-point flexural bond test is a convenient and reliable test method to conduct.
The test setup is easy. No special and costly device or materials are needed. It is will be
used for studying the bond performance between UHPC and precast concrete in the later
part of this stud.
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5.2.8 Summary of preliminary development of UHPC
The preliminary investigation of developing UHPC provides initial recognitions
on the material selection and mixture proportions for producing cost efficient UHPC
materials. These recognitions include:


A w/cm of 0.2 is low enough to prepare concrete mixtures having 28-day
compressive strength above 150 MPa. Considering the potential increase in the
economic cost of UHPC by decreasing the w/cm, the subsequent study will be
mainly based on w/cm of 0.2.



The standard test method in ASTM C1437 is not suitable for measuring the
workability of UHPC due to its highly flowable performance.



SFU is effective in improving the compressive strength and durability of UHPC.



The modulus of elasticity of UHPC is not noticeably affected by the use of either
SFU, SMF or SRA.



The natural siliceous sand with natural gradation is suitable for producing UHPC.



The use of SMF can improve the compressive strength and tensile strength of
mortar.



SRA is effective in reducing the drying shrinkage of UHPC.



UHPC mixtures SU2F and SU2S exhibited adequate bond strength with precast
concrete as observed in the three bond test methods: slant shear test, pull-off test
and third point flexural test. It is noted that third point flexural test is a reliable
and convenient way of investigating the bond between UHPC and precast
concrete.
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However, there are several challenges of developing UHPC being recognized
during the preliminary investigation:


From the consideration of materials’ availability, the information on the alkali
content of cement is important as it may affect the performance of UHPC such as
ASR behavior. The research result on this topic may screen out several cement
products if they have poor performance due to their improper alkali content.



SFU is more costly than cement and other types of SCMs. To decrease the
economic cost of UHPC, economic substitutes to SFU such as fly ash and metakaolin need to be investigated.



More information is needed on the effect of HRWRA dosage, sand content, SMF
content, etc. on the performance of UHPC. Optimization study on the proportions
of the component materials of UHPC is needed.



SRA is used to decrease the drying shrinkage of UHPC. However, the use of SRA
significantly reduces the early age compressive strength. Alternative method of
reducing the drying shrinkage of UHPC or chemical accelerator to improve the
early age compressive strength of UHPC is worthy to explore.



The reason for increased RCP due to the use of SMF is not clear.



Bond behavior between UHPC and precast concrete affected by factors such as
surface roughness and preparation method needs further research to understand
the influence.
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5.3 Effect of Alkali Content on the Properties of UHPC2
This section includes the investigations on the effect of alkali content of cement
on the workability, setting time, compressive strength, drying shrinkage, RCP, ASR
induced expansion, ASR caused loss in flexural strength, and volume of permeable voids
of UHPC.
5.3.1 Fresh state properties
The workability and time of set influenced by the alkali content of mortar is
shown in Figure 5.19.

(a) Workability of mortar

(b) Time of set of mortar

Figure 5.19 Fresh state properties of mortar influenced by alkali content

As shown in Figure 5.19a, at HRWRA dosage of 0.75%, there was a threshold
alkali content of 0.70% Na2Oeq, below which, the increase in the alkali content did not
have significant impact on the workability of mortar. However, when the alkali content
This section has been published: Z. Li, K.Afshinnia, P. R. Rangaraju, “Effect of alkali content of cement
on properties of high performance cementitious mortars.” Construction and Building Materials, v.102, pp.
631-639, 2015.
2
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was higher than 0.70% Na2Oeq, the workability of mortar significantly decreased with the
increase in the alkali content. It was noted that as alkali content increased from 0.70% to
0.88% Na2Oeq the flow value decreased by 74%. The findings on the influence of alkali
content on the workability of cementitious mixtures in previous literature were different
[30, 32-36, 98]. In one of the literature, the threshold alkali content was found to be
between 0.4% and 0.5% Na2Oeq at which the mixture exhibited the highest workability
[98]. This was attributed to the cement/HRWRA compatibility which was influenced by
the alkali content [98]. However, many other literature showed a continuous decrease in
the workability of fresh cementitious mixtures as the alkali content increased [30, 32, 33].
The decrease in the workability due to the increased alkali content was understood that
the additional alkali cations accelerated the hydration of C3A by depressing the release of
Ca2+ from gypsum, which inhibited the effectiveness of gypsum [30, 34-36]. Likely both
the cement/HRWRA compatibility and inhibited effectiveness of gypsum contributed to
the observed results in this study.
For mortars containing FA, the increase in the workability due to the use of FA
was observed, and the increase in the workability of mortar was especially significant
when the alkali content was high (0.88% Na2Oeq). A simple calculation revealed that the
addition of FA increased the flow value by 250% when the alkali content was 0.88%
Na2Oeq, but only 13% when the alkali content was 0.49% Na2Oeq. The increase in the
flow value could be attributed to the ball bearing effect of FA [12]. However, this was not
enough to explain the significant difference in the flow value increases at low and high
levels of alkali contents. Noting that the NaOH which was dosed by percent mass of
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cement is dissolved into the mixing water prior to the mixing process and the w/cm was
kept constant at 0.2, it was understandable that in mortars containing FA the actual
concentration of NaOH in the mixing water was proportionately reduced. Knowing that
the alkali in the cement is not dissolved in the mixing water immediately, such dilution
effect of using FA is more significant at high level of alkali content than low level of
alkali content. This probably explained the more significant increase in the flow value of
FA mixtures when alkali content was 0.88% Na2Oeq.
Figure 5.19a also shows the flow values of mortars A3a and A4a (square markers)
which were prepared by increasing the dosages of HRWRA of mortars A3 and A4,
respectively. The increase in workability due to increased dosages of HRWRA was
observed. The flow values of both mortars A3a and A4a were all above 150%, which
were similar to that of mortars C, A1, and A2. Thus, mortars C, A1, A2, A3a and A4a
were compared for the study of ASR behavior of mortar affected by the alkali content, as
to eliminate the impact of compactability of mortar on the ASR behavior of mortar.
As shown in Figure 5.19b, for mortars without FA, there was a threshold alkali
content of 0.70% Na2Oeq, at which the shortest time of initial set was observed. When the
alkali content was increased from 0.49% to 0.70% Na2Oeq the time of initial set of
mortars was reduced by 23%. However, when the alkali content was increased from
0.70% to 0.88% Na2Oeq the time of initial setting of mortars was increased by 32%. The
time of final setting increased continuously as the alkali content increased. When the
alkali content was increased from 0.49% to 0.88% Na2Oeq, the time of final setting of
mortars was increased by 36%. The observed phenomena of both time of initial and final
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set appeared to be different from past studies where the increasing alkali content
increased the rate of hydration of cement and promoted setting [30, 31, 139-141].
The possible reasons of the test results observed in this study are proposed as
follows: First, the time of set of UHPCs was tested using the penetration method in
ASTM C403. This method actually evaluates the penetration resistance of fresh mortar
which is more related to the strength of the fresh mortar at early hydration stage [12].
Thus, the hydration of C3S was more influential than the hydration of C3A in the time of
set according to the penetration method, as the hydration product of C3S contributed most
to the strength of mortar [12]. Second, the effect of alkali content on the rate of hydration
of C3S is related to the alkali source added into the system as well [30]. For instance,
when alkali sulfates, alkali carbonate or alkali chloride was used as alkali sources,
remarkable increase in the rate of hydration of C 3S was observed [12, 30, 31, 139-141].
However, when NaOH was used, the influence of NaOH on the rate of hydration of C 3S
was not significant [30, 37, 142, 143]. In the present study, the NaOH was added into
UHPC to achieve a certain level of alkali content. If the quantity of NaOH is expressed as
a concentration of the mixing water as in the past studies [37, 142, 143], the maximum
concentration (UHPC A4) was only 0.58 M which should be classified as low dosage [37,
142, 143]. Third, many previous studies on the effect of alkali content on the early
hydration of fresh mixture were conducted using pure C3S instead of cement [142, 143].
When gypsum or C3A were present in these mixtures, the mechanism of the hydration of
C3S would be substantially different. For instance, it has been known that gypsum
significantly accelerate the hydration of C3S [12, 144]. In such case, the presence of
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NaOH would depress the rate of hydration of C3S by depressing the dissolution of
gypsum. Alternatively, depressed effectiveness of gypsum in presence of NaOH results in
faster hydration of C3A, as discussed earlier [34-36]. In such case, the hydration products,
like monosulfoaluminate and calcium aluminate hydrates, rapidly precipitate on the C3S
grains and prolong the induction period [12], Thus the hydration of C3S is inhibited.
These three explanations potentially contributed to the observed phenomena of time of
initial and final set. It should be noticed that the measured workability and setting time of
UHPC are not necessarily related. Less flowable appearance does not indicate a stronger
micro structure of fresh mixture to resist mechanical penetration.
For mortars with FA, the addition of FA delayed the time of initial setting by 26%
and 42% at alkali content of 0.49% Na2Oeq and 0.88% Na2Oeq, respectively. Such a
significant delay in the measured time of initial setting was likely due to the lower early
strength of mortar developed under higher actual w/c, when w/cm was fixed for
proportioning mortar with FA [12]. It should be noted that the effect of higher actual w/c
was less significant at later stage of early hydration, since the observed time of final
setting was only increased by 16% at alkali content of 0.49% Na2Oeq, and decreased by
3% at alkali content of 0.88% Na2Oeq.
5.3.2 Compressive strength development
The effects of alkali content, dosage of HRWRA and addition of FA on the
compressive strength of mortar at the ages of 7 and 28 are presented in Figure 5.20.
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(a) Effect of alkali content and dosage of
HRWRA

(b) Effect of addition of FA

Figure 5.20 Compressive strength of mortar influenced by alkali content

As shown in Figure 5.20a, for the 7-day and 28-day compressive strength of
mortars without FA, there was a threshold alkali content of 0.60% Na2Oeq, below which
the compressive strength increased with an increase in the alkali content. However, when
the alkali content was higher than 0.60% Na2Oeq the compressive strength decreased with
an increase in the alkali content. For instance the compressive strength of the mortar with
alkali content of 0.60% Na2Oeq was 2% and 0.2% higher than that of control at the ages
of 7 and 28 days, respectively. However, the compressive strength of mortar with alkali
content of 0.88% Na2Oeq was 30% and 29% lower than that of mortar with alkali content
of 0.60% Na2Oeq at the ages of 7 and 28 days, respectively. The decreased compressive
strength of mortar as alkali content increased from 0.60% to 0.88% Na2Oeq is in
agreement with previous findings from literature, and it was attributed to the porous
microstructure and lower strength of alkali-containing C-S-H gel of hardened concrete
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developed in high alkali condition [30-32, 37-42]. Reminded the workability test results,
it might be reasonable to believe that the increase in compressive strength of mortar as
alkali content increased from 0.49% to 0.60% Na2Oeq was because of better
compactibility as alkali content increased, and the decreased compressive strength of
mortar as alkali content increased from 0.60% to 0.88% Na2Oeq was because of poor
compactibility as alkali content increased. Probably, both the lower strength of alkalicontaining C-S-H gel and poor compactibility of mortar influenced by the alkali content
contribute to the observed compressive strength of mortars.
The increase in the HRWRA dosage improved the compressive strength of
mortar, which is shown in Figure 5.20a. By comparing mortar A3 and A3a, the
compressive strength was found to increase by 20% and 13% at the age of 7 and 28 days,
respectively. Similarly, by comparing mortar A4 and A4a, the compressive strength was
found to be increased by 7% and 16% at the age of 7 and 28 days, respectively.
Remembering that the workability of mortar with higher dosage of HRWRA presented
significantly higher flow value, it is reasonable to believe that the better compactibility
played a primary role in the increased compressive strength of mortar with higher dosage
of HRWRA.
As it is shown in Figure 5.20b, the mass replacement of 17% of cement by FA
reduced the compressive strength at the ages of both 7 and 28 days. At alkali content of
0.49% Na2Oeq, the compressive strength of UHPC was reduced by 8% and 9% at the ages
of 7 and 28 days, respectively. At alkali content of 0.88% Na2Oeq, the compressive
strength was reduced by 15% and 8% at the ages of 7 and 28 days, respectively. The low
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reactivity of FA at early ages is considered responsible for the reduced compressive
strength. A comparison between mortar CF and A4F revealed that the compressive
strength of UHPC with alkali content of 0.88% Na2Oeq was 34% and 28% lower than that
of UHPC with alkali content of 0.49% Na2Oeq at the ages of 7 and 28 days, respectively.
The increase in the alkali content decreases the compressive strength even in the presence
of FA. The lower strength of alkali-containing C-S-H gel as discussed earlier likely
applies for mortars containing FA.
5.3.3 Durability
5.3.3.1 Drying shrinkage
The effect of alkali content on the drying shrinkage of mortar is presented in
Figure 5.21.

(a)

UHPCs without FA

(b)

UHPCs with FA

Figure 5.21 Drying shrinkage of mortar influenced by alkali content
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The effect of alkali content on the drying shrinkage of mortar without FA was
studied by comparing the drying shrinkage development of UHPC C, A1, A2, A3 and
A4. The dosages of HRWRA were same among those mortars, so that that the variation
induced by HRWRA was excluded. A calculation of the drying shrinkage values at 87
days of exposure reveals that mortar A1, A2, A3 and A4 presented 3%, 9%, 11% and
13% more drying shrinkage than mortar C, respectively. The drying shrinkage of mortar
increases with the increase in the alkali content, which was also observed in past studies
[30, 41, 145, 146]. Some of the studies attributed this phenomenon to the increased
capillary stress and decreased disjoining pressure [41, 145], or high porosity of the
microstructure resulted from the increased alkali content [41]. Probably all of these
explanations contribute to the phenomenon observed in the present study.
The effect of HRWRA dosage on the drying shrinkage of mortar without FA can
be observed by comparing A3, A3a, A4 and A4a (see Figure 5.21a). At 87 days of
exposure, A3a and A4a had 8% and 28% more drying shrinkage than A3 and A4,
respectively. The increase in the dosage of HRWRA resulted in an increase in the drying
shrinkage of mortar.
Similarly, the effect of alkali content on the drying shrinkage of mortar using FA
was studied by comparing the drying shrinkage development of mortar C, CF, A4 and
A4F (see Figure 5.21b). Increased drying shrinkage of mortar with increased alkali
content was also observed for mortar using FA. At 87 days of exposure, A4F presented
21% more drying shrinkage than CF. The explanations discussed above for increased
drying shrinkage with alkali content probably applies for mortar with FA as well.
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5.3.3.2 Rapid chloride ion penetration
The effects of alkali content on the rapid chloride ion permeability of mortar with
and without FA are presented in Figure 5.22.

Figure 5.22 RCP of mortar influenced by alkali content

The dosage of HRWRA was held constant at 0.75% by mass of cement. As shown
in Figure 5.22, for mortars without FA, the measured amount of charge passed through
mortar specimens gradually increased with the increase in the alkali content of cement.
For instance when the alkali content was increased from 0.49% to 0.88% Na2Oeq the
amount of charge passed was increased by only 14%.
For mortars containing FA, the addition of FA increased the measured amount of
charge passed through mortar specimens. At low alkali content (0.49% Na2Oeq), the use
of FA increased the amount of charge passed by 29%. At high alkali content (0.88%
Na2Oeq), the use of FA increased the amount of charge passed by 9%. The increased
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amount of charge passed by using FA is likely due to the fact that the FA did not undergo
significant pozzolanic reaction at the age of 28 days, due to the limited amount of
Ca(OH)2 produced under low w/cm of 0.2. A comparison between mortar A4F and CF
showed that when the alkali content was increased from 0.49% to 0.88% Na2Oeq the
amount of charge passed was slightly decreased by 4%. However, the effect of alkali
content on the amount of charge passed through mortar using FA was not clear by
noticing that the variances of the test results are large.
5.3.3.3 Volume of permeable voids
The effects of alkali content on the volume of permeable voids of mortar with and
without FA are presented in Figure 5.23. The dosage of HRWRA was held constant at
0.75% by mass of cement.

Figure 5.23 Volume of permeable voids of mortars
As shown in Figure 5.23, for mortars without FA, the measured volume of
permeable voids of mortar generally increased with the increase in the alkali content of
cement. For instance the volume of permeable voids of mortar with alkali content at
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0.6%, 0.7%, 0.75% and 0.88% Na2Oeq was 1%, 5%, 7% and 7% higher than that of
mortar with alkali content at 0.49% Na2Oeq, respectively.
For mortars containing FA, an increase in the alkali content of the mixture from
0.49% Na2Oeq. to 0.88% Na2Oeq. increased the volume of permeable voids by 5%. Also
comparing the volume of permeable voids of mortars without FA, mortars with FA were
found to have 1% and 2% higher permeable void contents in mixtures with low and high
alkali cement contents, respectively. The increase in the volume of permeable voids of
mortar with an increase in the alkali content of cement could be attributed to the porous
microstructure of concrete at high alkali content as discussed in previous studies [30-32,
37-42].
Figure 5.24 shows the correlations between the volume of permeable voids and
compressive strength of mortar.

Figure 5.24 Correlation between compressive strength and volume of permeable
voids

166

As shown in Figure 5.24, for mortars without FA, there appeared to be a threshold
value of the volume of permeable voids which was 11.78% (corresponding to alkali
content of 0.60% Na2Oeq). The 7-day or 28-day compressive strength of mortars with
volume of permeable voids lower than 11.78% was not significantly affected by the
volume of permeable voids. However, when the volume of permeable voids was more
than 11.78%, the 7-day and 28-day compressive strength of mortars significantly
decreased with increasing volume of permeable voids. Reminding the compressive
strength of mortars without FA at different alkali contents (see Figure 5.20a), a threshold
value of alkali content of 0.6% Na2Oeq existed. When the alkali content was lower than
0.6% Na2Oeq, the compressive strength of mortar was not significantly affected by the
change in the alkali content. However, when the alkali content was higher than 0.6%
Na2Oeq, the compressive strength of mortar decreases with the increase in the alkali
content. This supported the previous discussion that high alkali content (i.e. 0.88%
Na2Oeq) resulted in porous microstructure of hardened concrete, and thus reduced
compressive strength of mortar. For mortar containing FA, an increase in the volume of
permeable voids resulted in a decrease in the 7-day and 28-day compressive strength.
Reminding the decrease in the compressive strength of mortars containing FA resulted
from the increase in the alkali content from 0.49% Na2Oeq to 0.88% Na2Oeq (see Figure
5.20b), the mechanism that high alkali content resulted in porous microstructure of
hardened concrete and reduced the compressive strength also applied for mortars
containing FA. However, for mortars with and without FA, the extent by which the
compressive strength was negatively affected was unlikely to be solely due to the volume

167

of permeable voids. Another factor that potentially influenced the compressive strength
of mortar containing high alkali cement was the inherently inferior mechanical behavior
of C-S-H gel containing high alkali contents [30-32, 37-42].
5.3.3.4 ASR induced expansion and flexural strength loss
The effects of alkali content and addition of FA on the ASR induced expansion
and flexural strength loss of mortar is presented in Figure 5.25.

ASTM C33
limit (14 days)

(a)

(b)

ASR induced expansion

(c)

Ratio of slope change

ASR induced loss in flexural
strength

Figure 5.25 Effect of alkali content on the ASR of mortars
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As it is shown in Figure 5.25a, the ASR induced expansion of mortars without FA
increased with the alkali content, which can be clearly observed between 10 and 28 days
of exposure. A comparison of expansion values at 14 days of exposure revealed that an
increase in alkali content from 0.49% to 0.60%, 0.70%, 0.75% and 0.88% Na2Oeq
resulted in an increase of expansion of 25%, 75%, 150% and 275%, respectively, over
that of the control. A similar comparison at 28 days of exposure revealed that an increase
in alkali content from 0.49% to 0.60%, 0.70%, 0.75% and 0.88% Na2Oeq resulted in an
increase of expansion of 30%, 41%, 92% and 112%, respectively, over that of the
control. However, for mortars containing FA, the ASR induced expansion was minimal
even up to 28 days of exposure (expansion <0.03%), and the difference in expansion
between alkali content of 0.49% and 0.88% Na2Oeq was not significant. FA was found
effective in suppressing ASR even at high alkali content, which was similar to the past
studies [147-149]. The criterion for categorizing reactive and non-reactive aggregate of
0.1% at 14 days as per ASTM C33 is presented as horizontal line in Figure 5.25a for
reference.
It was also noticed from Figure 5.25a that for each mortar there appeared to be a
certain period of exposure, after which the ASR induced expansion started to increase
more significantly than before. The age at which the sudden increase in the expansion
occurred appeared to be related to the inherent alkali content of the mixtures. The higher
the alkali content of the specimens, the earlier the rapid change in expansion occurred.
However, once the change in the rate of expansion occurred, all mixtures exhibited
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similar rates of expansion, suggesting the overwhelming influence of the soak solution
alkalinity on the expansion. To understand the changes in the rate of ASR induced
expansion with time, an index-ratio of slope change (Rs)-was introduced. Rs at specified
period of exposure was evaluate by calculating the ratio of the slope of expansion curve
immediately after the specified period of exposure to the slope of expansion curve
immediately before the specified period of exposure. For example, mortar A1 mixture,
the ASR induced expansion at 10, 14 and 21 days of exposure was 0.0393%, 0.045% and
0.131%, respectively. The slope of expansion curve immediately after 14 days of
exposure was,

The slope of expansion curve immediately before 14 days of exposure was,

Thus, the Rs at 14 days of exposure is

.

Same calculation was done to the mortars without FA at various periods of
exposure, and the results were presented in Figure 5.25b. The peak of each curve in
Figure 5.25b indicates the period of exposure, after which the ASR induced expansion
started to have significant increase. For mortars C, A1, A2, A3a and A4a, the peak
appeared at 21, 14, 14, 10, and 7 days of exposure, respectively, which probably
indicated that as the alkali content increased, the significant increase in ASR induced
expansion of mortar tended to occur earlier. Mortars with FA showed minimal expansion
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throughout the test duration and no sudden change in the rate of expansion was observed.
Hence, no Rs value was calculated.
The loss in flexural strength of mortar s with various alkali contents due to ASR is
presented in Figure 5.25c. The strength ratio was defined as the ratio of flexural strength
of mortar cured in NaOH solution to that cured in water. For mortars with neither alkali
addition nor FA (UHPC C), specimens cured in NaOH solution and water did not show
noticeable difference in the flexural strength, the strength ratio was 100%. For mortar s
with alkali addition but without FA (mortar A1,A2,A3,A4,A3a and A4a), lower flexural
strength was observed for specimens cured in NaOH solution than that cured in water, the
strength reduction ratio ranged from 50% to 88%. However, for mortars containing FA,
specimens cured in NaOH solution showed 19% higher flexural strength than those cured
in water when no alkali was added (mortar CF), but when the alkali content was 0.88%
Na2Oeq (mortar A4F), strength ratio of 92% was observed. Based on the test results, it can
be concluded that when alkali was added into the mixture, mortar without FA cured in
NaOH solution showed significant loss in flexural strength. The decrease in the flexural
strength of mortars was likely attributed to the ASR which was accelerated in NaOH
solution. However, the ASR in mortar was depressed with the presence of FA, which is
evident by noticing that when the alkali content was at 0.88% Na2Oeq, mortar using FA
had strength ratio of 92% which was higher than the strength ratio of UHPC without FA
which was 68%.
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5.3.4 Summary of the effect of alkali content on the properties of mortar
The influence of alkali content up to 0.88% Na2Oeq on several properties of
mortar using reactive sand is studied in this section.
From the perspective of workability, there appeared to be a threshold alkali
content of 0.70% Na2Oeq, below which no significant change in workability of mortars
was observed. When the alkali content of cement was higher than 0.70% Na2Oeq, the
workability of mortars significantly decreased with increasing alkali content. The
addition of FA increases the workability especially at higher alkali content of mortar.
For mortars without FA, the shortest time of initial setting was observed when the
alkali content was 0.70% Na2Oeq. However, the time of final setting showed a gradual
increase with an increase in the alkali content of cement. The use of FA prolongs both the
initial and final time of setting.
From the perspective of compressive strength, there appeared to be an optimum
alkali content of 0.60% Na2Oeq for mortar without FA. When the alkali content was less
than 0.60% Na2Oeq, the compressive strength of mortars was not significantly affected by
the increase in the alkali content. When the alkali content was more than 0.60% Na2Oeq,
the compressive strength of mortars significantly decreased with increasing alkali
content. The effect of alkali content on the compressive strength of mortar exists even in
the presence of FA. The lower strength of alkali-containing C-S-H gel and poor
compactibility of mortar as alkali content increased were considered to contribute to the
phenomena observed in this study.
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The increase in the alkali content increased the drying shrinkage of mortar
without FA. For mortars with FA, the increase in the alkali content increased the drying
shrinkage as well.
For mortars without FA, the rapid chloride ion permeability increased as the alkali
content of cement was gradually increased from 0.49% to 0.88% Na2Oeq. For mortars
with FA, the effect of alkali content on the chloride ion permeability was not clear.
The increase in the alkali content resulted in an increase in the volume of
permeable voids, which contributed to the decreased compressive strength, increased
drying shrinkage and decreased RCP resistance.
Even when the w/cm ratio was as low as 0.20, significant ASR induced
expansions was observed in the test specimens. The ASR induced expansion of mortar
increased with the alkali content. The higher the alkali content of the cement used in the
mortar mixture, the earlier the occurrence of a rapid increase in ASR induced expansion
of mortar. FA was effective in depressing ASR even at high alkali content (i.e. 0.88%
Na2Oeq). Considering that SCM is always presented in the formulation of UHPC, ASR
induced expansion may not be a problem to UHPC.
The loss in the flexural strength of mortar due to ASR was observed with an
increase in the alkali content of the cement, regardless of presence or absence of FA.
However, when FA was used, the loss in the flexural strength was not significant.
In summary, low alkali content cement is preferred for producing UHPC. In cases
where the low alkali content cement is limited, there may be an acceptable alkali content
of cement depending on the component materials’ properties such as reactivity of sand

173

and SCM content, at which the impact of alkali content on certain properties of UHPC is
still in an acceptable range. In this study, alkali content of cement less than 0.70% Na2Oeq
is likely an acceptable level from the consideration of limited impact on the workability
and compressive strength of UHPC.
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5.4 Effect of Sand Content on the Properties of Mortar3
This section includes the investigations on the effect of sand content on the
workability, compressive strength, drying shrinkage and RCP of mortar with w/c of 0.2.
The maximum sand content for non-fibers reinforced mortar is determined.
5.4.1 Workability of mortar
The workability of mortar influenced by the sand content, HRWRA dosage and
SFU content is shown in Figure 5.26.

(a) Workability of UHPCs without
SFU

(b) Workability of UHPCs with SFU
(HRWRA dosage at 0.75%)

This section has been published: Z. Li, P. R. Rangaraju, “Effect of sand content on the properties of selfconsolidating high performance cementitious mortar.” Transportation Research Record, v.2508, pp. 84-92,
2015
3
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(c) Workability of UHPCs with SFU (HRWRA dosage at 1%).
Figure 5.26 Workability of mortar affected by sand content

5.4.1.1 Workability of mortar without SFU
As shown in Figure 5.26a, each of the four curves presents the effect of increasing
sand content on the workability of mortar without SFU at a given HRWRA dosage. It
was observed that when the HRWRA dosage was constant the workability of mortars
decreased with the increase in the sand content. This was in agreement with common
knowledge [106]. It was also observed that when the sand content was kept constant, an
increase in the HRWRA dosage resulted in an increase in the workability of mortars.
However, when the HRWRA dosage was higher than a certain level, the workability of
mortar was not increased significantly by the increase in the HRWRA dosage. For
example, by comparing mortars C1-3, C2-3, C3-3, and C4-3 which had s/cm at 1.25, it
was observed that the flow of mortar with HRWRA dosage at 0.75%, 1%, and 1.5% was
125%, 263%, and 275% higher than that with HRWRA dosage at 0.5%, respectively. The
rise in HRWRA dosage from 1% to 1.5% only caused minimal increase in the
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workability of mortar. A dosage of HRWRA beyond which only minimal increase in
workability was observed was known as saturation dosage [150]. In this study, the
saturation HRWRA dosage was determined to be 1%. Therefore a HRWRA dosage of
1.5% was considered as an overdose. Such HRWRA dosage was not considered
economic cost efficient as the minimal increase in the workability of mortar comparing to
the significant 50% increase in the HRWRA dosage from 1% to 1.5%.
The results from flow tests indicates that the workability of mortar without SFU is
affected by the combined effect of sand content and HRWRA dosage. The workability of
mortar can be increased through either reducing the sand content at a fixed HRWRA
dosage or by increasing HRWRA dosage at a fixed sand content. However, the former
approach is not economically preferable since manufacturers want more sand in mortar to
reduce the cost. The latter approach also has its limitation, since excessive HRWRA
dosage does not increase the workability much further but causes other problems such as
segregation and delayed setting [12, 101, 104]. For economical self-consolidating UHPC,
a balance would probably be reached by finding out the maximum sand content when
HRWRA is dosed at the saturation dosage.
It should be noted that mortars with flow value ranging from 44% to 56% (mortar
C1-3, C2-4, C3-5, and C4-5) had poor workability. They were not considered selfconsolidating UHPCs. External vibration was required during casting the specimens for
compressive strength test. Other mortars were assumed to be self-consolidating mortars,
because they exhibited flowable workability and seemed to be able to consolidate well
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under self-weight. As Figure 5.26a shows, when the HRWRA was dosed at saturation
dosage (1%), the maximum sand content for flowable mortar without SFU was s/cm=1.6.
5.4.1.2 Workability of mortar with SFU
As shown in Figure 5.26b and 5.23c, for mortars containing SFU, similar trends
were observed that the increasing sand content reduced the workability of mortar at both
HRWRA dosages of 0.75% and 1%. When the HRWRA dosage was 0.75% (Figure
5.26b), the maximum sand content at which the mortar without SFU remained flowable
was s/cm=1.25, and the maximum sand content at which the mortar with SFU content at
either 10% or 20% remained flowable was s/cm=1.6. When the HRWRA dosage was 1%
(Figure 5.26c), the maximum sand content at which the mortar without SFU remained
flowable was s/cm=1.6, and the maximum sand content at which the mortar with SFU
content at 10% and 20% remained flowable was s/cm=1.6 and s/cm=2, respectively.
These mortars consolidated under self-weight during casting and needed no external
vibration. In mixtures with sand content exceeding the maximum s/cm ratios (i.e. mortar
C2-4, L2-5, H2-5, C3-5, and L2-5), the workability was observed to be poor, indicated by
flow values ranging from 32% to 50%. For these mortars external vibration was applied
during casting.
It should be mentioned that among all the flowable mortars, the mortar H3-5
mixture has the lowest flow value (i.e. 69%) that did not require any external vibration to
consolidate. Therefore, based on these observations, a flow value of 69% is considered
as a minimum threshold value that distinguishes non-flowable mortars from flowable
mortars. Such threshold value of 69% is presented in the Figure 5.26 for reference.
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Mortars with flow values above this threshold value are non-flowable, and they were
subjected to external vibration during casting of the specimens for compressive strength
test. Mortars with flow values below this threshold value are flowable, and they were
consolidated under self-weight during casting of the specimens for compressive strength
test. Thus far, all the mortars studied in this research can be classified into two groups flowable mortars and non-flowable mortars. The dashed line in Table 4.8 distinguishes
these two groups. The mortars on the left side of the dash line were flowable mixtures
which were consolidated under self-weight during casting. Mortars on the right side of
the dash line were non-flowable mortars which were consolidated under external
vibration during casting.
5.4.1.3 Sensitivity of workability of mortar to the sand content
Both Figure 5.26b and 5.26c show that SFU seemed to be helpful in improving
the workability of mortar. Under the sand change in the sand content, mortars containing
SFU appears to have less reduction in the workability than mortars without SFU. That is,
the sensitivity of workability of mortar to the sand content is different in mortar with and
without SFU.
An index

is introduced to understand the effect of

SFU on the changes in the workability of mortar in response to the changes in the sand
content.

is defined as the ratio of the reduction of flow to the increase in s/cm, see

equation (5.1).
(5.1)
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Where
is the flow of mortar with sand content at 0
is the flow of mortar with sand content at s/cm
is the sand-cementitious material ratio of mortar
For example,

of mortar L3-4 (SFU=10%; HRWRA dosage=1%; s/cm=1.6)

was calculated as follow,

The value of

indicated how sensitive the workability of mortar was to the changes

in sand content. The calculated

(a)

of mortars are shown in Figure 5.27.

of mortar, HRWRA = 0.75%

(b)

of mortar, HRWRA = 1%

Figure 5.27 Sensitivity of workability of mortar to the sand content

It can be noticed from Figure 5.27a that when the HRWRA dosage was 0.75%,
decreased with the increasing addition of SFU at all s/cm levels. For example,
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when the sand content was at s/cm=1.25,

of mortar with SFU content at 0%, 10%,

and 20% was 115%, 80%, and 50%, respectively. This indicates that when subjected to
the same degree of change in the sand content the higher the amount of SFU presented in
the mortar the less the workability will be decreased. That is the workability of mortar
becomes less sensitive to the increased sand content as the SFU content increased. When
the HRWRA dosage was 1.0% (see Figure 5.27b),

of mortar with SFU content at

0% and 10% is close. However, mortar with SFU content at 20% showed significant
lower

at all s/cm levels. Probably the increase in the HRWRA dosage diminishes

the difference in

of mortar when SFU contents are low (0% and 10%).

5.4.2 Compressive strength of mortar
5.4.2.1 Compressive strength of mortar without SFU
The effect of sand content on the 1-day and 28-day compressive strength of
mortar without SFU at various HRWRA dosages is presented in Figures 5.28. The
mortars that consolidated under self-weight are presented in the plots using hollow
symbols, and those that were subjected to external vibration are presented using filled
symbols.
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(a) UHPC without SFU at 1-day

(b) UHPC without SFU at 28-day

Figure 5.28 Compressive strength of mortar without SFU affected by sand content

As shown in Figures 5.28a and 5.28b, the effect of sand content on the 1-day and
28-day compressive strength of mortar was not clear. The 1-day and 28-day compressive
strength seemed to fluctuate around certain values as the sand content increased.. An
analysis of variance is presented later to evaluate the influence of sand content on the
compressive strength of mortar.
The increased HRWRA dosage appeared to have negative effect on the
compressive strength of mortars, especially at the age of 1 day. The 1-day compressive
strength of mortars with s/cm=0.5 revealed that mixtures with HRWRA dosages of
0.75%, 1%, and 1.5% had lower strength compared to mixture with 0.5% HRWRA
dosage by 16%, 29%, and 40%, respectively. Although no calorimetric or setting time
studies were conducted on these mixtures in the present study, it was suspected that
higher dosage levels of HRWRA might cause set-retardation of cement which resulted in
lower compressive strengths at early ages. A similar comparison of mortars with
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s/cm=0.5 at the age of 28 days revealed that the compressive strength of UHPC with
HRWRA dosages of 0.75% and 1% were 6% higher and 0.4% lower, respectively,
compared to mixture with HRWRA dosage of 0.5%. The effect of HRWRA dosage up to
1% on the compressive strength was not significant at the age of 28 days. However, the
compressive strength of mortar with HRWRA dosage of 1.5% was 23% lower than that
of mortar with HRWRA dosage of 0.5%. Similar findings were reported in another
research study where the optimal HRWRA dosage was observed to be at 1% by weight of
cement, beyond which compressive strength was negatively affected [106]. The improved
compressive strength with an increase in HRWRA dosage up to 1% was explained by
better dispersion of cement, while the reduced compressive strength beyond 1% dosage
of HRWRA was explained by segregation [106]. However, in the present study no
segregation was observed in the mortars even with HRWRA dosage of 1.5%, and
therefore it is unlikely for segregation to be the reason for the observed reduction in the
28-day compressive strength. Considering that some HRWRA typically tend to entrain
air at high dosage levels, even in the absence of air-entraining agents, it is suspected that
at HRWRA dosage levels of 1.5%, increase in the air content of UHPC may have
resulted in lowering of the 28-day compressive strength compared to mortars with lower
HRWRA dosage.
Considering that the HRWRA dosage of 1% was determined as the saturation
dosage from a workability perspective and the HRWRA dosage of 1.5% was determined
as an overdose in early part of this study, it is reasonable to assume that from a
compressive strength perspective the HRWRA dosage of 1% was also the saturation
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dosage, and HRWRA dosage higher than 1% (i.e. 1.5%) was an overdose which had a
lasting negative effect on the compressive strength of mortars.
5.4.2.2 Compressive strength of mortar with SFU
Figure 5.29 shows the effect of sand content on the 1-day and 28-day compressive
strength of mortar with HRWRA dosage at 0.75% and various SFU contents. Similarly to
Figures 5.28, the mortars consolidated under self-weight are plotted as hollow symbols.
The mortars consolidated under external vibration are plotted as filled symbols.

(a) UHPC with SFU at 1-day (HRWRA
dosage at 0.75%)
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(b) UHPC with SFU at 28-day
(HRWRA dosage at 0.75%)

(c) UHPC with SFU at 1-day (HRWRA
dosage at 1%)

(d) UHPC with SFU at 28-day
(HRWRA dosage at 1%)

Figure 5.29 Compressive strength of mortar with SFU affected by sand content

For mortars containing SFU, the relation between compressive strength and sand
content was not clear if simply check the results presented in Figure 5.29. An analysis of
variance is presented later to evaluate the influence of sand content on the compressive
strength of mortar. However, it was observed that increased SFU content at either 10% or
20% seemed to reduce the compressive strength of the mortars at the age of 1 day.
Reminding the w/cm was kept constant for mortar with SFU, it was reasonable to assume
that the higher actual w/c probably attributed to the reduced 1-day compressive strength
of mortar with higher SFU content. But, at the age of 28 days, the compressive strength
of mortar with SFU was pretty close to that of UHPC without SFU. This increase could
be because of the pozzolanic effect of SFU which was more prominent at later ages [12].
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5.4.2.3 Statistical analysis of compressive strength affected by sand content
The purpose of the statistical analysis was to find out whether the change in sand
content would cause statistically significant difference in either 1-day or 28-day
compressive strength of self-consolidating mortars. Analysis of variance (F-test) on the
compressive strength of mortars was only conducted on mortars consolidated under selfweight. For each F-test at the age of either 1 day or 28 days, only mortars with same SFU
content and same HRWRA dosage were included. As shown in Table 5.6, mortars are
sorted into eight groups, and mortars in each group have same SFU content and same
HRWRA dosage. Total sixteen F-tests were conducted on eight groups of mortars (two Ftests for each group at 1 day and 28 days, respectively).
Before starting the analysis of variance the following assumptions were made:
a.

The compressive strength of each mortar had a normal distribution.

b.

Under the same SFU content and the same HRWRA dosage, the variances

of compressive strength of mortars with various sand contents were equal.
c.

The compressive strength of mortars with various sand contents was

independent from each other.
The problem of the hypothesis testing was stated as,

Where

is the mean compressive strength of mortar with sand content at

s/cm.
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The possibility of Type I error was set at α=0.05. If the p-value of F-test was
larger than α, we did not have enough evidence to reject

, which inferred that the sand

content did not have statistically significant effect on the compressive strength of mortar.
However, if the p-value of F test was equal or less than α, we had enough evidence to
reject

, which inferred that the sand content had statistically significant effect on the

compressive strength of mortar. The results of analysis of variance are presented in Table
5.6.

Table 5.6 Analysis of variance of compressive strength
SFU (%)

0

10
20

Dosage of
HRWRA (%)
0.5
0.75
1
1.5
0.75
1
0.75
1

UHPCs included
C1-1,C1-2
C2-1,C2-2,C2-3
C3-1,C3-2,C3-3,C3-4
C4-1,C4-2,C4-3,C4-4
L2-1,L2-2,L2-3,L2-4
L3-1,L3-2,L3-3,L3-4
H2-1,H2-2,H2-3,H2-4
H3-1,H3-2,H3-3,H3-4,H3-5

1-day
p-value Decision a
0.716
N
0.449
N
0.191
N
0.041
Rej.
0.019
Rej.
0.302
N
0.091
N
0.599
N

28-day
p-value Decision a
0.432
N
0.354
N
0.197
N
0.058
N
0.052
N
0.789
N
0.002
Rej.
0.713
N

Note: a N-did not reject H0 or Rej.-rejected H0

It can be observed that the calculated p-values of mortars without SFU were
larger than α when HRWRA dosage varied from 0.5% to 1%, which indicated that sand
content did not have significant effect on both the 1-day and 28-day compressive strength
of mortar with HRWRA dosage ranging from 0.5% to 1%. When the HRWRA dosage
was 1.5%, the decision was to reject H0 for 1-day compressive strength (pvalue=0.041<α), but failed to reject H0 for 28-day compressive strength (pvalue=0.058>α). This inferred that when the HRWRA dosage was 1.5%, the changes in
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sand content resulted in changes in the 1-day compressive strength of mortar, but it did
not have significant influence on the 28-day compressive strength. However, it was
necessary to notice that these decisions for mortar with HRWRA dosage at 1.5% were
not statistically strong, because the p-values were very close to α which was set at 0.05 in
this study. If lower α was set, say 0.04, the decision would be fail to reject H0 for both 1day and 28-day compressive strength. So far, a conclusion is drawn that, with HRWRA
dosage at 1%, the maximum sand content was able to go up to s/cm=1.6 without having
statistically strong influence on either the 1-day or 28-day compressive strength of mortar
without SFU.
For mortars with SFU content at 10%, rejections to H0 only occurred for 1-day
compressive strength when the HRWRA dosage was 0.75%. When HRWRA dosage was
1%, we failed to reject H0 for both 1-day and 28-day compressive strength. This indicated
that when HRWRA dosage was at 0.75%, the change in s/cm from 0 to 1.6 resulted in
noticeable changes in the 1-day compressive strength of UHPCs. However, when
HRWRA dosage was at 1%, s/cm went up to 1.6 failed to cause significant changes in
either 1-day or 28-day compressive strength of mortars.
Similarly, for mortars with SFU content at 20%, rejections to H0 only occurred for
28-day compressive strength when the HRWRA dosage was 0.75%. The decision was
strong since p-value is remarkably smaller than α (0.002< α). A test of Fisher’s least
significant difference procedure (LSD) identified that mortar with s/cm=1.6 had the most
significantly different 28-day compressive strength from the rest mortars. Considering the
results presented in Figure 5.29b, it was noticed that sand content at s/cm=1.6 resulted in
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remarkable compressive strength loss at the age of 28 days. However, when HRWRA
dosage was 1%, we failed to reject H0 for both 1-day and 28-day compressive strength,
which indicated that sand contents up to s/cm=2 did not have statistically significant
influence on either the 1-day or 28-day compressive strength of mortar.
5.4.2.4 Discussion of maximum sand content of self-consolidating mortar
From the point of lowering economic cost, it is generally preferable to increase
the sand content of mortar. However, increasing sand content would reduce the
workability and cause compressive strength loss. The maximum sand content at which
the mortar still maintained the ability of self-consolidating and the compressive strength
of mortar was not significantly lowered is important in the design of self-consolidating
mortar. Based on a combined consideration of both workability and compressive strength
of mortar in this study, it is reasonable to believe that for self-consolidating mortar with
SFU contents at 0%, 10%, and 20%, the maximum sand content could go up to 1.6, 1.6,
and 2, respectively. It should be reminded that such maximum sand contents are affected
by many factors, such as gradation and texture of sand. Different maximum sand contents
of self-consolidating mortar likely exist when different types of sand was used.
5.4.3 Durability of mortar
5.4.3.1 Rapid Chloride Ion permeability
The RCP of mortar without SFU was studied on mortar C3-1, C3-2, C3-3, C3-4,
and C3-5. The experimental results are presented in Figure 5.30, which depicts the RCP
values at different s/cm ratios and a prediction equation.
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R2=0.999

Figure 5.30 Influence of s/cm on RCP of UHPC without SFU

As shown in Figure 5.30, the amount of charge passed decreased as the s/cm
increased, which indicated that the chloride permeability of mortar decreased as
increasing amount of siliceous sand is added into the mixture. Considering the sand is
much less permeable than cement paste, the reduced chloride permeability of mortar is
likely because of the reduced volume of cement paste through which the charge passed.
However, when the sand content goes up to s/cm=2, the reduction in charge passed was
not significant. For mortar with sand content at s/cm=2 the charge passed was only 3%
lower than mortar with sand content at s/cm=1.6. The lack of significant decrease in the
chloride ion permeability beyond s/cm ratio of 1.6 can be attributed to two conflicting
effects – the reduction in the cement paste volume (which should reduce the
permeability) and the percolation effect in cement paste due to interfacial transition zone
(ITZ) (which should increase the increase the permeability). With increasing sand
content, the volume of cement paste in the mortar is proportionately reduced and
therefore the permeability of the mortar should decrease. However, with increasing sand
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content, the volume of paste that is in the ITZ is relatively more compared to the paste
that is considered as bulk paste. If sand content goes up to certain point when adjacent
ITZs start to percolate, the permeability of the whole structure of concrete increases
significantly [12, 108]. The RCP of mortar affected by increasing sand content is
assumed to be a function of reduced paste content and increased ITZ in the present study.
The following three-parameter regression equation based on five data points was
used to describe the charge passed during RCP test for mortars without SFU ( also see
Figure 5.30),
(5.2)
Where
y is dependent variable
x is independent variable
a, b, and c are constants to be determined by the test results
In this study, the following equation was proposed,
(R2=0.999)
Where
k is charge passed
r is s/cm
The plot of Equation (5.3) is shown in Figure 5.30.
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(5.3)

5.4.3.2 Drying shrinkage
The drying shrinkage of mortar without SFU was studied on mortar C3-1, C3-2,
C3-3, C3-4, and C3-5. The drying shrinkage developments of mortar without SFU are
shown in Figure 5.31.

R2=0.997

(a)

Drying shrinkage development

(b)

Influence of s/cm on the maximum
drying shrinkage

Figure 5.31 Drying shrinkage of UHPC impacted by sand content

As shown in Figure 5.31a, mortar with high sand content presented lower drying
shrinkage than mortar with low sand at all testing ages. After 56 days of exposure, the
curves of drying shrinkage development of mortars almost flattened out. Thus, the drying
shrinkage of 56 days of exposure was considered the maximum drying shrinkage of
studied mortar, see Figure 5.31b. A simple calculation revealed that the maximum drying
shrinkage of mortar with sand content at s/cm=0.5, 1.25, 1.6, and 2 was 44%, 65%, 72%,
and 75% lower than that of mortar without sand, respectively. The reduction in drying
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shrinkage as sand content increased was likely because of the reduced volume of cement
paste, which is the main reason of shrinkage under drying [12].
The relationship between the 56-day shrinkage as a function of s/cm can be
described by equation (5.4) which is a three-parameter regression equation based on five
data points (also see Figure 5.31b).
(R2=0.997)

(5.4)

Where
D is the maximum drying shrinkage
r is s/cm
5.4.4 Summary of the effect of sand content on the properties of mortar
The workability, compressive strength and durability of self-consolidating mortar
with and without containing SFU were experimentally studied.
For mortar without SFU, the workability was influenced by the combination of
HRWRA dosage and sand content. Increasing HRWRA dosage or decreasing sand
content improved the workability of mortar, however HRWRA exceeding saturation
dosage did not increase the workability further. Based on the material and mixture
proportions used in this study, the saturation dosage of HRWRA was established at 1%
by weight of the cement.
The workability of mortar became less sensitive to the changes in the sand content
when the SFU content increased, which was revealed by the index Rs/cm.
The compressive strength of self-consolidating mortar was not significantly
influenced by the sand content up to a maximum sand content, depending on the dosage
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of SFU and HRWRA. In this study, with HRWRA at saturation dosage (1%), the
maximum sand content for self-consolidating mortar without SFU was able to go up to
s/cm=1.6, and the maximum sand content for self-consolidating mortar with SFU content
at 10% and 20% was able to go up to s/cm=1.6 and s/cm=2, respectively.
For self-consolidating mortar without SFU, increased sand content was helpful in
improving the durability of mortar. Lower chloride permeability and less drying
shrinkage were observed as the sand content increased.
In summary, the increase in the sand content in the UHPC not only reduce the
economic cost, but also improve some of the durability properties of UHPC such as
drying shrinkage and RCP which are studied in This section. Sand content up to certain
point will not significantly decrease the workability compressive strength of UHPC.
Within the accept range of effect on the workability and compressive strength, the sand
content is preferred to be as high as possible, which explain the significance of maximum
sand content of self-consolidating mortar which is studied in This section. However, it
should be noted that the use of sand of different angularity or particle size distribution
from the sand used in this study may result in different maximum sand content. To
specific circumstance, the maximum sand content needs to be determined.
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5.5 Effect of Supplementary Cementitious Materials on the Properties of Paste
This section includes the investigations on the effect of different SCM and their
proportions on the workability, time of conversion from dry mixture to fluid mixture,
setting time, autogenous shrinkage, compressive strength, drying shrinkage and volume
of permeable voids of paste with w/c of 0.2. The mechanism of the influence of SCM on
the properties of paste is determined. The optimal MK and FA content is investigated.
Prediction models of the material properties of cementitious paste are developed based on
the SFU content, MK content and FA content.
5.5.1 Paste using binary blend of SCM and cement
5.5.1.1 Time of conversion from dry mixture to fluid mixture (Tc)
The conversion of mixture from a dry mixture to a fluid mixture (i.e. a cohesive
and flowable consistency) after adding mixing water is a gradual process during the
mixing, and the time needed for this conversion is referred to as Tc. The judgment on
when the mixture behaves as fluid is more or less subjective, and is based on visual
observation of the mixture during the mixing process. Thus, the determination of Tc is
not definite. The approximate time (Tc) observed for the studied pastes to transform from
dry mixture to fluid mixture is given in Table 5.7.
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Table 5.7 Approximate time needed for the dry mixture to reach fluid state- Tc
(min)
Paste ID Tc SCMb/ca Paste ID Tc SCMb/ca Paste ID Tc SCMb/ca
C
0.4
0.00
S4
5.0
0.40
UF1
0.3
0.10
S1
0.9
0.10
M1
2.5
0.05
UF2
0.2
0.20
S2
2.9
0.20
M2
8.0
0.10
UF3
0.2
0.30
S3
3.8
0.30
M3
32.0
0.20
a
cement; b supplementary cementing materials: silica fume alone or meta-kaolin + fly ash

As shown in Table 5.7, for pastes containing binary blend of SFU and cement, the
increase in the SFU content noticeably increased the Tc. As the SCM/c increased from 0
to 0.4, the Tc continuously increased from 0.4 min to 5 min. This was attributed to the
large surface area of fine SFU particles that required longer energy input time (Tc) to
achieve homogenous paste system [12]. For pastes containing binary blend of MK and
cement, the increase in the MK content significantly increased the Tc. As the SCM/c
increased from 0 to 0.2, the Tc continuously increased from 0.4 min to 32 min. Such
significant increase in the Tc was related to the promoted cement hydration in the
presence of MK [81, 83, 84], in addition to the large surface area of fine MK particles.
For pastes containing binary blend of UFA and cement, the increase in the UFA content
did not have significant effect on the Tc, by noticing that as the SCM/c increased from 0
to 0.3, the Tc was slightly decreased from 0.4 min to 0.2 min. The ball bearing effect and
water reducing effect of UFA [12] were helpful to achieve homogenous paste system
within a relatively short time even in presence of large surface area of fine UFA particles.
5.5.1.2 Workability
The workability of cementitious paste using binary blend of SCM and cement is
shown in Figure 5.32.
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Figure 5.32 Workability of paste using binary blend of SCM and cement

As shown in Figure 5.32, for pastes containing binary blend of cement and UFA,
the increase in the UFA content from SCM/c=0 to SCM/c=0.1 slightly increased the flow
value of paste by 4%. This was similar to what observed in previous literature that the
increase in the UFA content improved the workability of concrete and it was attributed to
the ball bearing effect and water reducing effect of UFA [12]. However, the further
increase in the UFA content from SCM/c=0.1 to SCM/c= 0.3 slightly decreased the flow
value of paste by 8%. Considering the fine particles size of UFA, the decrease in the flow
value was attributed to the large surface area provided by the UFA particles. For pastes
containing binary blend of cement and SFU, the increase in the SFU content decreased
the flow value. For instance the flow of pastes with SCM/c at 0.1, 0.2 and 0.3 was 7%,
17% and 39% lower than that of control (SCM/c=0.0), respectively. Likely the large
surface area provided by the fine SFU particles contributed to the decrease in the flow
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value as the SFU content increases [12]. For pastes containing binary blend of cement
and MK, the increase in the MK content decreased the flow value of pastes significantly.
The flow of pastes with SCM/c at 0.05, 0.1 and 0.2 was 2%, 14% and 37% lower than
that of control, respectively. The decrease in the flow value due to the use of MK had
also been observed in the previous literature, and it was attributed to the promoted
cement hydration in the presence of MK [81, 83, 84]. It should be noted that MK has the
most significantly effect in decreasing the flow value than both UFA and SFU at the
same levels of SCM/c.
5.5.1.3 Time of set
The time of set of cementitious paste using binary blend of SCM and cement is
shown in Figure 5.33.

Figure 5.33 Time of set using binary blend of SCM and cement
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As shown in Figure 5.33, for pastes containing binary blend of cement and UFA,
the increase in the UFA content from SCM/c=0 to SCM/c=0.2 significantly increased
both the time of initial set and the time of final set. This was in accordance with previous
literature on the retarding effect of UFA on the hydration of cement, and it was attributed
to the low pozzolanic reactivity of UFA at early ages [81, 84, 151, 152]. For pastes
containing binary blend of cement and SFU, there appeared to be a threshold SFU
content of SCM/c=0.1. When the SFU content increased from SCM/c=0 to SCM/c=0.1,
the time of initial set increased by 12%, and the time of final set increased by 2%. When
the SFU content increased from SCM/c=0.1 to SCM/c=0.2, the time of initial set
decreased by 21%, and the time of final set decreased by 17%. In this study the influence
of SFU on the setting behavior of cement was attributed to the increased actual watercement (w/c) ratio with the increase in SFU content as w/cm was kept constant, the
nucleation effect provided by the surface area of SFU particles, and the early pozzolanic
reactivity of SFU. At low SFU content, the increased actual w/c was likely responsible to
the increased time of set of cement. At high SFU content, the nucleation effect and the
early pozzolanic reaction of SFU were likely responsible to the decreased time of set of
cement. For pastes containing binary blend of cement and MK, the increase in the MK
content decreased both the time of initial set and the time of final set. This had been
observed in the previous literature, and attributed to the promoted cement hydration in the
presence of MK [81, 83, 84].
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5.5.1.4 Autogenous shrinkage
The autogenous shrinkage of cementitious paste using binary blend of SCM and
cement is shown in Figure 5.34.

Figure 5.34 Autogenous shrinkage of paste using binary blend of SCM and
cement

As shown in Figure 5.34, the development of autogenous shrinkage of pastes
containing different types of SCM started flattening out at 48 hours after the final set of
paste. The autogenous shrinkage value of pastes at 168 hours after the final set of paste
was considered the maximum autogenous shrinkage value of pastes. For pastes
containing binary blend of cement and FA, the increase in the UFA content from
SCM/c=0 to SCM/c=0.1 slightly increased the maximum autogenous shrinkage of paste.
However, the further increase in the UFA content from SCM/c=0.1 to SCM/c= 0.2
slightly decreased the maximum autogenous shrinkage of paste. For pastes containing
binary blend of cement and SFU, the increase in the SFU content decreased the
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maximum autogenous shrinkage of paste. For instance, the flow of pastes with SCM/c at
0.1and 0.2 was found to be 13% and 29% lower than that of control, respectively. For
pastes containing binary blend of cement and MK, the increase in the MK content
increased the maximum autogenous shrinkage of paste significantly. For instance the
maximum autogenous shrinkage of pastes with SCM/c at 0.1 and 0.2 was 31% and 53%
higher than that of control, respectively.
Previous literature on the effect of SCM on the autogenous shrinkage of paste is
contradictory. The increase and decrease in the autogenous shrinkage of paste resulted
from the use of SCM both have been reported [153-160]. The autogenous shrinkage
behavior of paste containing SCM has been attributed to possible effects of SCM which
include the dilution effect that decreases the autogenous shrinkage, heterogeneous
nucleation which may increase or decrease the autogenous shrinkage, pozzolanic effect
which increases the autogenous shrinkage, filler effect which increases the autogenous
shrinkage and properties of hydration products [154, 157, 158, 160]. Mineral admixtures
may increase or decrease the autogenous shrinkage of paste depending on the
significance of each of the possible effects of SCM. The autogenous shrinkage of pastes
is also related with the materials, proportions and test method used for study. This study
did not focus on the mechanism underlying the autogenous shrinkage behavior of paste
affected by SCMs. More research is needed to address these issues.
5.5.1.5 Compressive strength
The compressive strength of cementitious paste using binary blend of SCM and
cement is shown in Figure 5.35.
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Figure 5.35 Compressive strength of paste using binary blend of SCM and
cement

As shown in Figure 5.35, at same level of SCM/c, the difference in the
compressive strength of paste using different types of SCMs was significant at the age of
1 day. For pastes containing binary blend of cement and UFA, the increase in the UFA
content from SCM/c=0 to SCM/c=0.3 continuously reduced the 1-day compressive
strength. For instance the 1-day compressive strength of pastes with SCM/c=0.3 was 90%
lower than that of control (SCM/c=0.0). In this study, the observed reduction in the 1-day
compressive strength due to the use of UFA was in accordance with previous literature,
and it was attributed to the low pozzolanic reactivity of UFA at early ages [81, 84, 151,
152]. For pastes containing binary blend of cement and SFU, there appeared to be a
threshold SFU content of SCM/c=0.2. When the SFU content increased from SCM/c=0
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to SCM/c=0.2, the 1-day compressive strength was not affected significantly. The 1-day
compressive strength of pastes with SCM/c=0.2 was only 7% higher than that of control.
However, when the SFU content was further increased from SCM/c=0.2 to SCM/c=0.3,
1-day compressive strength was decreased by 30%. Likely the increased actual w/c,
nucleation effect, and the early pozzolanic reactivity of SFU contributed to the observed
phenomenon. For pastes containing binary blend of cement and MK, the increase in the
MK content continuously increased the 1-day compressive strength. For instance, the 1day compressive strength of pastes with SCM/c=0.2 was found to be 38% higher than
that of control. The increase in the early age compressive strength of paste due to the use
of MK had been observed in the previous literature, and attributed to the promoted
cement hydration in the presence of MK [81, 83, 84].
The use of SCM at proper proportions improved the 28-day compressive strength
of paste, compared with the control. For pastes containing binary blend of UFA and
cement, the 28-day compressive strength of paste increased with the increase in the UFA
content up to SCM/c=0.1, after which the 28-day compressive strength of paste decreased
with the increase in the UFA content. The highest 28-day compressive strength achieved
by using binary blend of UFA and cement was 150 MPa. For pastes containing binary
blend of SFU and cement, the 28-day compressive strength of paste increased with the
increase in the SFU content up to SCM/c=0.2, after which the 28-day compressive
strength of paste decreased with the increase in the SFU content. The highest 28-day
compressive strength achieved by using binary blend of SFU and cement was 152 MPa.
The effect of MK on the 28-day compressive strength did not have clear trend. The
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highest 28-day compressive strength achieved by using binary blend of MK and cement
was 144 MPa (SCM/c=0.2).
5.5.1.6 Free drying shrinkage
The drying shrinkage of cementitious paste using binary blend of SCM and
cement is shown in Figure 5.36.

Figure 5.36 Drying shrinkage of paste using binary blend of SCM and cement

As shown in Figure 5.36, for pastes containing binary blend of cement and UFA,
the increase in the UFA content resulted in increase in the drying shrinkage of paste. At
the period of exposure of 25 days, the drying shrinkage of paste with SCM/c=0.2 was
20% higher than that of control. For pastes containing binary blend of cement and SFU,
the increase in the SFU content also increased the drying shrinkage of paste. However,
the difference in the drying shrinkage of paste with SCM/c=0.1 and SCM/c=0.2 was not
significant. For instance, at the period of exposure of 25 days, the drying shrinkage of
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paste with SCM/c=0.1 and SCM/c=0.2 was 24% and 22% higher than that of control,
respectively. The increased in the drying shrinkage of paste due to the use of UFA and
SFU could probably be attributed to the increased capillary stress due to the refined pore
structure of concrete [161]. For pastes containing binary blend of cement and MK, the
increase in the MK content decreased the drying shrinkage of paste significantly. At the
period of exposure of 25 days, the drying shrinkage of paste with SCM/c=0.2 was found
to be 43% lower than that of control. The effect of MK in reducing the drying shrinkage
of concrete had been observed in previous literature [88, 162-165], and it was mainly
attributed to the reduced rate of water loss of concrete as the MK densified the pore
structure of concrete through pozzolanic reaction [164, 165].
5.5.2 Paste using ternary blend of MK, UFA and cement
5.5.2.1 Fresh state properties
The time (Tc) observed for the studied pastes to transform from dry mixture to
fluid mixture is given in Table 5.8. The Tc of paste using binary blend of SCM and
cement is also presented for reference.
Table 5.8 Approximate time needed for the dry mixture to reach fluid state- Tc
(min)
Paste
ID
C
S1
S2
S3
S4

Tc

SCMb/ca

0.4
0.9
2.9
3.8
5.0

0.00
0.10
0.20
0.30
0.40

Paste
ID
M1
M2
M3
UF1
UF2

Tc

SCMb/ca

2.5
8.0
32.0
0.3
0.2

0.05
0.10
0.20
0.10
0.20

Paste
ID
UF3
MUF1
MUF2
MUF3
MUF4

a

Tc

SCMb/ca

0.2
1.9
1.8
5.4
2.0

0.30
0.10
0.20
0.20
0.30

Paste
ID
MUF5
MUF6
MUF7
MUF8

Tc

SCMb/ca

9.0
33.5
5.8
31.3

0.30
0.30
0.40
0.40

cement; b supplementary cementing materials: silica fume alone or meta-kaolin + ultrafine fly ash
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For pastes containing ternary blend of MK, UFA and cement, when SCM/c was
fixed, the increase in the MK content increases the Tc, and the increase in the UFA
content decreased the Tc. For instance, when SCM/c was 0.20, the Tc of pastes UF2,
MUF2, MUF3 and M3 (pastes arranged in an order of increasing MK content or
decreasing UFA content) was 0.2, 1.8, 5.4 and 32 min, respectively. It was also noted that
at the same level of SCM/c, some of the pastes using ternary blend of MK, UFA and
cement exhibited longer Tc than pastes using binary blend of SFU and cement, depending
on the proportions of MK and UFA in the ternary blend. When MK content was high, i.e.
pastes MUF6 and S3, the Tc of former was 7.8 time longer than Tc of later. When MK
content was low, i.e. pastes MUF4 and S3, the Tc of former was 47% shorter than Tc of
later. Thus, the MK content in the ternary blend of MK, UFA and cement should be
carefully selected to avoid long mixing time.
The workability of pastes using ternary blend of MK, UFA and cement is
presented in Figure 5.37.

Figure 5.37 Workability of pastes

206

As shown in Figure 5.37, for pastes using ternary blend of MK, UFA and cement,
the flow values fell into the middle of flow values of pastes using binary blend of either
MK and cement or UFA and cement. At the same level of SCM/c, the flow decreased
with the increase in the MK content in the ternary blend of MK, UFA and cement. For
instance, when SCM/c was 0.30, the flow of pastes MUF4, MUF5 and MUF6 (pastes
arranged in an order of increasing MK content) was 6%, 13% and 32% lower than that of
paste UF3, respectively. It should be noted that the flow of pastes containing both MK
and UFA as SCM was higher than that of pastes containing SFU alone as SCM at the
same level of SCM/c, especially at high levels of SCM/c (i.e. when SCM/c =0.3 and
SCM/c =0.4).
Based on the experimental results of the time of transformation from dry mixture
to fluid mixture and the workability of pastes containing different pozzolans, it was noted
that the increase in MK content resulted in increase in the mixing time and decrease in
the workability of the paste. This was in accordance with the past studies, which was
attributed to the high specific surface of MK and the accelerated cement hydration in
presence of MK [81-84]. The increase in UFA content slightly increased the workability
of the paste. The time of transformation from dry mixture to fluid mixture was not
significantly decreased. The combined use of MK and UFA could conquer the decrease
in the workability and the increase in the mixing time of paste due to the use of MK. At
the same level of SCM/c, the combined use of MK and UFA as SCM could produce paste
with higher flow than use SFU alone as SCM, especially at higher SCM/c levels.
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5.5.2.2 Compressive strength
The 1-day and 28-day compressive strength of pastes investigated are presented in
Figure 5.38.

(a) 1-day compressive strength

(b) 28-day compressive strength
Figure 5.38 Compressive strength of pastes

As shown in Figure 5.38a, the 1-day compressive strength of paste containing
ternary blend of MK, UFA and cement fell into the middle of paste using binary blend of

208

either MK and cement or UFA and cement. For instance, when SCM/c was 0.2, the 1-day
compressive strength of paste MUF2, MUF3 and M3 (ordered in increasing MK content)
was 133%, 127% and 306% higher than that of paste UF2 which contains no MK,
respectively. It was noted that at the same level of SCM/c some of the pastes using MKUFA combinations seemed to have similar or higher 1-day compressive strength than
paste using SFU alone as SCM, especially at high levels of SCM/c. The Student’s t test is
conducted later in this paper to make a statistically evident judgement and detailed
discussion on this phenomenon.
As shown in Figure 5.38b, the 28-day compressive strength of pastes containing
MK-UFA combinations as SCM ranged from 118.1MPa to 150.1MPa. For pastes
containing binary blend of SFU and cement, the 28-day compressive strength increased
with the increasing SFU content up to SCM/c=0.2, after which the 28-day compressive
strength noticeably decreased with the increasing SFU content. It was noted that the
highest 28-day compressive strength of pastes investigated in this study was achieved by
paste S2, which was 152 MPa. If comparing the compressive strength of pastes
containing MK-UFA combinations and pastes containing SFU alone at the same SCM/c
level, pastes containing MK-FA combinations seemed to have similar compressive
strength to pastes containing SFU alone at low SCM/c levels, but higher compressive
strength than pastes containing SFU alone at high SCM/c levels. Student’s t test is
conducted later to reveal the difference between the 28-day compressive strength of
pastes containing MK-UFA combinations as SCM and pastes containing binary blend of
SFU and cement in detail.
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To compare the compressive strength of pastes using MK-UFA combination as SCM
(CSMUF) and the compressive strength of pastes using binary blend of SFU and cement
(CSSFU) at the same SCM/c level and at the same age, Student’s t test for independent
samples with unequal variances was conducted [166]. The 1-day and 28-day compressive
strength of pastes were studied separately. The problem statements of the student’s t tests
are listed as follows:
Test 1: Ho: CSMUF ≤ CSSFU
Ha: CSMUF > CSSFU
The Type I error was set at 0.05. When Ho is rejected, it implies that the
difference in the compressive strength of paste using MK-FA combinations as SCM and
that of paste using SFU alone as SCM is significant, and paste using MK-FA
combinations as SCM has higher compressive strength than paste using SFU alone as
SCM.
Test 2: Ho: CSMUF ≥ CSSFU
Ha: CSMUF < CSSFU
The Type I error was set at 0.05. When Ho is rejected, it implies that the
difference in the compressive strength of paste using MK-FA combinations as SCM and
that of paste using SFU alone as SCM is significant, and paste using MK-FA
combinations as SCM has lower compressive strength than paste using SFU alone as
SCM.
In cases where it failed to reject the Ho in both of the test problems, the difference
in the compressive strength between pastes containing MK-UFA combination and pastes
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containing SFU alone is not significant. Thus, the decisions from these two problems
categorize the relation between CSMUF and CSSFU into three groups: CSMUF > CSSFU,
CSMUF < CSSFU and no significant difference exists between CSMF and CSSFU.
The t tests were based on the following two assumptions: first, the compressive
strength of each paste followed a normal distribution; second, the compressive strength of
pastes with different SCM was independent from each other. The results of Student’s t
test are shown in Table 5.9.

Table 5.9 Comparison between compressive strength of pastes using ternary blend
of UFA, MK and cement (CSMF) and the compressive strength of pastes using
binary blend of SFU and cement (CSSFU)

SCM/c
0.1
0.2
0.3
0.4

CSMF < CSSFU
1-day
UF1
UF2, MUF2,
MUF3
UF3, MUF4,
MUF5

28-day
-

MUF7

-

M3
-

No significant difference
between
CSMF and CSSFU
1-day
28-day
MUF1
UF1, MUF1, M2
UF2, MUF2,
MUF3
UF3, MUF5,
MUF6
MUF6
-

-

CSMF > CSSFU
1-day
M2

28-day
-

M3

-

-

MUF4

MUF8

MUF7,
MUF8

As shown in Table 5.9, at the age of 1 day and at the same level of SCM/c, pastes
using MK-UFA combinations as SCM having similar compressive strength to pastes
using binary blend of SFU and cement included MUF1, and MUF6. Pastes using MKUFA combinations as SCM having higher compressive strength than pastes using binary
blend of SFU and cement included M2, M3 and MF8.
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At the age of 28 day and at the same level of SCM/c, pastes using MK-UFA
combinations as SCM having similar compressive strength to pastes using binary blend
of SFU and cement included UF1, UF2, UF3, M2, MUF1, MUF2, MUF3, MUF5 and
MUF6. Pastes using MK-UFA combinations as SCM having higher compressive strength
than pastes using binary blend of SFU and cement included MUF4, MUF7 and MUF8.
Pastes MUF1, MUF2, MUF6 and MUF8 performed as well as or better than paste
using SFU alone as SCM at the corresponding same level of SCM/c, from a perspective
of both 1-day and 28-day compressive strength. The highest 28-day compressive strength
of paste using ternary blend of MK, UFA and cement was 150 MPa achieved by paste
MUF4. However, the 1-day compressive strength of paste MUF4 was 38 MPa which was
lower than 58 MPa which was the 1-day compressive strength of paste using binary blend
of SFU and cement at the same level of SCM/c (paste S3).
5.5.2.3 Drying shrinkage
The drying shrinkage of pastes investigated at the period of exposure of 25 days is
presented in Figure 5.39.

212

Figure 5.39 Drying shrinkage of pastes

As shown in Figure 5.39, for pastes containing ternary blend of MK, UFA and
cement, the drying shrinkage fell into the middle of drying shrinkage of pastes using
binary blend of either MK and cement or UFA and cement. The drying shrinkage
decreased with the increase in the MK content in the ternary blend. When SCM/c was
fixed, the drying shrinkage of pastes with SCM consisting of both MK and UFA was
lower than that of paste using SFU alone as SCM. For instance, when SCM/c was 0.2, the
drying shrinkage of paste MUF2 and MUF3 was 19% and 24% lower than that of paste
S2, respectively. The use of MK and UFA was a potential way of producing low
shrinkage UHPC.
5.5.2.4 Bound water content and volume of permeable voids
The bound water content and volume of permeable void of hardened paste are
conducted to explain the observed behavior of compressive strength and drying shrinkage
of paste using different types of SCM.
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5.5.2.4.1 Bound water content
The 1-day and 28-day bound water content of pastes investigated are presented in
Figure 5.40.

(a) 1-day bound water content

(b) 28-day bound water content
Figure 5.40 Bound water content of pastes

As shown in Figure 5.40a, for pastes using binary blend of MK and cement, the 1day bound water content of pastes with SCM/c at 0.05, 0.1 and 0.2 was 17%, 35% and
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37% higher than that of control (SCM/c=0.0), respectively. The increased bound water
content indicated the promoted early age hydration of cement in the presence of MK, and
explained the increasing 1-day compressive strength of pastes as the MK content
increased as well. For pastes using binary blend of UFA and cement, the bound water
content of pastes with SCM/c at 0.1, 0.2 and 0.3 was 14%, 24% and 65% lower than that
of control (SCM/c=0.0), respectively. This indicated the slowed early age hydration of
cement in the presence of FA, and also explained the decreasing 1-day compressive
strength of pastes as the FA content increased. The decrease in the bound water content
might be resulted from the low reactivity of UFA at early ages [81, 84, 151, 152]. For
pastes using SFU alone as SCM, the bound water content was not significantly affected
by the use of SFU. The bound water content of pastes with SCM/c at 0.1, 0.2, 0.3 and 0.4
was 6%, 19%, 20% and 18% higher than that of control, respectively. The 1-day bound
water content of pastes containing ternary blend of MK, UFA and cement fell into the
middle of pastes containing binary blend of either MK and cement or UFA and cement.
The general trend was that at the same SCM/c level the 1-day bound water content
increased with the increase in the MK content in the ternary blend. This was similar to
the phenomenon observed in the 1-day compressive strength test results.
As shown in Figure 5.40b, at the age of 28 day, the bound water content of pastes
increased with the increase in the SCM content. Pastes using ternary blend of MK, UFA
and cement and pastes using binary blend of SFU and cement did not present significant
different in the 28-day bound water content, at the same level of SCM/c.
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5.5.2.4.2 Volume of permeable voids (Vp)
The volume of permeable voids of pastes investigated is presented in Figure 5.41.

Figure 5.41 Volume of permeable voids

As shown in Figure 5.41, for pastes with SFU alone as SCM, Vp decreased with
the increasing SFU content up to SCM/c=0.2, after which Vp increased with the
increasing SFU content. The lowest Vp of paste achieved by using SFU at content of
SCM/c=0.2 was 34% lower than that of control (SCM/c=0.0). For pastes with SCM
consisting of MK alone as SCM (see pastes with SCM/c equal to MK/c), Vp decreased
with the MK content. For instance Vp of pastes with SCM/c at 0.05, 0.1 and 0.2 was 4%,
19% and 41% lower than that of control, respectively. For pastes with SCM consisting of
UFA alone as SCM (see pastes with MK/c equal to 0.0), the use of UFA slightly
increased the Vp, compared with control. For instance Vp of pastes with SCM/c at 0.1, 0.2
and 0.3 was 2%, 5% and 5% higher than that of control, respectively. For pastes
containing both MK and UFA as SCM, when SCM/c was fixed, Vp decreased with the
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increase in the MK content. For instance, when SCM/c was 0.30, Vp of pastes MUF4,
MUF5 and MUF6 (pastes arranged in an order of increasing MK content) was 10%, 27%
and 46% lower than that of paste UF3, respectively. It was also noted that Vp of pastes
containing both MK and UFA as SCM was higher than that of pastes containing SFU
alone as SCM at the same level of SCM/c.
The previous literature on the study of Vp of concrete was reported together with
the study of the drying shrinkage of concrete, which was helpful to understand the
behavior of SCM in affecting the Vp of paste. Studies on the relation between drying
shrinkage and water loss of concrete revealed that the MK could reduce drying shrinkage
of concrete which was attributed to the reduced rate of water loss due to densified pore
structure of concrete through pozzolanic reaction [164, 165]. Decrease in the drying
shrinkage as the SFU content increased was also observed, which was attributed to the
reduced water loss from densified micro structure of concrete and micro aggregates effect
of SFU particles [167]. The findings in these studies were in accordance with the findings
here that the use of SFU and MK could reduce the Vp of paste. However, the previous
literature on the effect of UFA on the Vp of concrete was limited. In this study, use of
UFA was observed to slightly increase the Vp of paste, which was likely due to the low
reactivity of UFA.
5.5.2.5 Discussion of compressive strength and drying shrinkage of paste
containing MK and UFA
It was noticed that the changes in 1-day compressive strength and the changes in
1-day bound water content of paste due to the changes in components of SCM seemed to
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have similar pattern. To understand the behavior of compressive strength of pastes due to
the changes in the constituents of SCMs, the correlation between compressive strength
and bound water content of paste was studied and presented in Figure 5.42a. Besides that,
the correlation between drying shrinkage and volume of permeable voids of paste was
also studied and presented in Figure 5.42b.

(a) Bound water v.s. compressive strength

(b) Volume of permeable voids v.s. Drying shrinkage
Figure 5.42 Compressive strength and drying shrinkage of paste containing MK and
UFA
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As showed in Figure 5.42a and 5.42b, at the age of 1 day, the compressive
strength of paste was strongly related with the cement hydration, since a good correlation
was found between 1-day compressive strength and bound water content. At the same
w/cm, SCMs with constituents that can promote the cement hydration increase the 1-day
compressive strength of pastes. At the age of 28 day, no good correlation between 28-day
compressive strength and the bound water content is found. It was considered that at
fixed w/cm as this study, the 28-day compressive strength of paste was affected more by
factors such as the packing of the component materials’ particles and the C-S-H gel
characteristic, rather than by the degree of cement hydration.
As showed in Figure 5.42b, the drying shrinkage of paste at the period of
exposure of 25 days had a good correlation with Vp. This could be understood that the
less permeable micro structure of paste reduced the moisture loss from the paste to the
external environment, which resulted in less drying shrinkage. Proportions of MK and
UFA in the paste that could reduce the volume of permeable voids decreased the drying
shrinkage of paste.
5.5.3 Paste using ternary blend of MK, FA and cement
5.5.3.1 Fresh state properties
The properties of pastes using ternary blend of MK, a regular particle size FA and
cement are studied in comparison with the properties of pastes using ternary blend of
MK, UFA and cement which was discussed above.
The time of conversion from dry mixture to fluid mixture is given in Table 5.10.
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Table 5.10 Approximate time needed for the dry mixture to reach fluid state- Tc
(min)
Paste
ID
C
S1
S2
S3
S4
a

Tc

SCMb/ca

0.4
0.9
2.9
3.8
5.0

0.00
0.10
0.20
0.30
0.40

Paste
ID
M1
M2
M3
F1
F2

Tc

SCMb/ca

2.5
8.0
32.0
0.4
0.3

0.05
0.10
0.20
0.10
0.20

Paste
ID
F3
MF1
MF2
MF3
MF4

Tc

SCMb/ca

0.3
3
3.3
7.7
3.5

0.30
0.10
0.20
0.20
0.30

Paste
ID
MF5
MF6
MF7
MF8

Tc

SCMb/ca

7.2
26.4
5.6
24.8

0.30
0.30
0.40
0.40

cement; b supplementary cementing materials: silica fume alone or meta-kaolin + fly ash

As shown in Table 5.10, for pastes containing binary blend of FA and cement, the
increase in the FA content did not have significant effect on the Tc, which was noted that
as the SCM/c increased from 0 to 0.3, the Tc was slightly decreased from 0.4 min to 0.3
min. For pastes containing ternary blend of MK, FA and cement, when SCM/c was fixed,
the increase in the MK content increased the Tc, and the increase in the FA content
decreased the Tc. For instance, when SCM/c was 0.20, the Tc of pastes F2, MF2, MF3
and M3 (pastes arranged in an order of increasing MK content or decreasing FA content)
was 0.3, 3.3, 7.7 and 32 min, respectively. It was also noted that paste using MK-UFA
combination needed longer time than paste using MK-FA combination when MK was
high. For instance, the Tc of pastes MUF8 and MF8 was 31.3 min and 24.8 min,
respectively. This was likely due to the finer particles size of UFA than FA.
The workability of the pastes investigated is presented in Figure 5.43.
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Figure 5.43 Workability of pastes

As shown in Figure 5.43, for pastes containing binary blend of FA and cement,
the flow value slightly increased with the increase in SCM/c. For instance the flow of
pastes with SCM/c at 0.1, 0.2 and 0.3 was 5%, 4% and 7% higher than that of control,
respectively. For pastes containing ternary blend of MK, FA and cement, when SCM/c
was fixed, the flow decreased with the increase in the MK content. For instance, when
SCM/c was 0.30, the flow of pastes MF4, MF5 and MF6 (pastes arranged in an order of
increasing MK content) was 6%, 16% and 39% lower than that of paste F3, respectively.
Recalling the workability of paste containing UFA discussed previously, the use of FA
tended to give slightly higher workability than the use of UFA regardless of the presence
of MK or not. For instance, the flow of MF5 was 259%, while the flow of MUF5 was
239%. The reduction in the workability when UFA was presented was likely due to the
fine particles size of UFA which provided a larger surface area than that of FA. It should
be noted that the flow of pastes containing ternary blend of MK, FA and cement was
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higher than that of pastes containing SFU alone as SCM at the same level of SCM/c,
especially at high levels of SCM/c (i.e. when SCM/c =0.3 and SCM/c =0.4).
Based on the experimental results of the time of transformation from dry mixture
to fluid mixture and the workability of pastes containing different pozzolans, it was noted
that increase in FA content slightly increased the workability of the paste. The time of
conversion from dry mixture to fluid mixture was not significantly increased. The
combined use of MK and FA could conquer the decrease in the workability and the
increase in the mixing time of paste due to the use of MK. At the same level of SCM/c,
the combined use of MK and FA as SCM could produce paste with higher flow than use
SFU alone as SCM, especially at higher SCM/c levels. It was also noted that UFA and
FA behaved similarly in affecting the Tc and workability of paste, Except that paste using
UFA needed longer time than paste using FA when MK was high, and paste using UFA
presented slightly lower workability than paste using FA. The finer particles size of UFA
than FA was likely the underlying reason.
5.5.3.2 Compressive strength
The 1-day and 28-day compressive strength of pastes investigated are presented in
Figure 5.44.

222

(c) 1-day compressive strength

(d)

28-day compressive strength

Figure 5.44 Compressive strength of pastes

As shown in Figure 5.44a, for pastes using binary blend of FA and cement, the 1day compressive strength decreased with the increase in SCM/c. For instance the 1-day
compressive strength of pastes with SCM/c at 0.1, 0.2 and 0.3 was 27%, 65% and 91%
lower than that of control, respectively. The 1-day compressive strength of pastes
containing MK-FA combinations as SCM was significantly affected by the proportions of
MK and FA. The general trend was that at the same level of SCM/c the increasing MK
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content resulted in increased 1-day compressive strength. For instance, when SCM/c was
0.2, the 1-day compressive strength of paste MF2, MF3 and M3 (ordered in increasing
MK content) was 104%, 133% and 295% higher than that of paste F2 which contained no
MK, respectively. The effect of FA on the 1-day compressive strength of paste was
similar to that of UFA. It was noted that at the same level of SCM/c some of the pastes
using MK-FA combinations seemed to have similar or higher 1-day compressive strength
than paste using SFU alone as SCM, especially at high SCM/c levels. The Student’s t test
was conducted later to make a statistically judgement on this phenomenon.
As shown in Figure 5.44b, the 28-day compressive strength of pastes containing
MK-FA combinations as SCM ranged from 116.8 MPa to 150.5MPa. If comparing the
compressive strength of pastes containing MK-FA combinations and pastes containing
SFU alone at the same SCM/c level, pastes containing MK-FA combinations seemed to
have similar compressive strength to pastes containing SFU alone at low SCM/c levels,
but higher compressive strength than pastes containing SFU alone at high SCM/c levels.
The effect of FA on the 28-day compressive strength of paste was similar to that of UFA.
However, the ternary blend of MK, UFA and cement tended to give slightly higher 28day compressive strength than the ternary blend of MK, FA and cement. For instance,
pastes MUF1, MUF2, MUF3, MUF4, MUF5, MUF6 and MUF8 all had higher 28-day
compressive strength than their corresponding counterparts MF1, MF2, MF3, MF4, MF5,
MF6 and MF8 that using ternary blend of MK, FA and cement. It was recognized that
fine particle size of FA improved the 28-day compressive strength of paste. Student’s t
test was conducted to reveal the difference between the 28-day compressive strength of
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pastes containing MK-FA combinations as SCM and pastes containing SFU alone as
SCM in detail.
Similar to the student’s test conducted in the previous session discussing ternary
blend of MK, UFA and cement, a student’s test was conducted for pastes using ternary
blend of MK, FA and cement. The statements of problems and the assumptions for the
student’s test were the same. The results of Student’s t test are shown in Table 5.11.

Table 5.11 Comparison between compressive strength of pastes using ternary blend
of MK, FA and cement (CSMF) and the compressive strength of pastes using binary
blend of SFU and cement (CSSFU)
CSMF < CSSFU
SCM/c

No significant difference
between
CSMF and CSSFU

CSMF > CSSFU

1-day

28-day

1-day

28-day

F1
F2, MF2,
MF3

MF1
M3, MF2,
MF3

MF1

F1, M2

1day
M2

-

F2

M3

0.3

F3

-

F3

-

0.4

MF7

-

-

-

0.1
0.2

MF4. MF5,
MF6
MF8

28-day
MF4. MF5,
MF6
MF7, MF8

As shown in Table 5.11, at the age of 1 day and at the same level of SCM/c,
pastes using MK-FA combinations as SCM having similar compressive strength to pastes
using SFU alone as SCM included MF1, MF4, MF5, MF6, F3 and MF8, and pastes using
MK-FA combinations as SCM having higher compressive strength than pastes using SFU
alone as SCM included M2 and M3.
At the age of 28 day and at the same level of SCM/c, pastes using MK-FA
combinations as SCM having similar compressive strength to pastes using SFU alone as
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SCM included F1, F2 and M2, and pastes using MK-FA combinations as SCM having
higher compressive strength than pastes using SFU alone as SCM included MF4, MF5,
MF6, MF7 and MF8.
Pastes M2, MF4, MF5, MF6 and MF8 performed as well as or better than paste
using SFU alone as SCM at the corresponding same level of SCM/c, from a perspective
of both 1-day and 28-day compressive strength. Paste MF7 had higher compressive
strength which was 148 MPa than paste using SFU alone at the same level of SCM/c at
the age of 28 days. At the age of 1 day, the compressive strength of paste MF7 was lower
than paste using SFU alone at the same level of SCM/c.
5.5.3.3 Drying shrinkage
The drying shrinkage of pastes investigated at the period of exposure of 25 days is
presented in Figure 5.45.

Figure 5.45 Drying shrinkage of pastes
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As shown in Figure 5.45, for pastes using binary blend of FA and cement, the
drying shrinkage increased with the increasing FA content up to SCM/c=0.2, after which
the drying shrinkage slightly decreased. For instance the drying shrinkage of pastes with
SCM/c at 0.1, 0.2 and 0.3 was 16%, 24% and 19% higher than that of control,
respectively. For pastes containing both MK and FA as SCM, the drying shrinkage was in
the middle of drying shrinkage of pastes using binary blend of either MK and cement or
FA and cement. Also the drying shrinkage decreased with the increase in the MK content.
When SCM/c was fixed, the drying shrinkage of pastes with SCM consisting of both MK
and FA was lower than that of paste using SFU alone as SCM. For instance, when SCM/c
was 0.2, the drying shrinkage of paste MF2 and MF3 was 19% and 24% lower than that
of paste S2, respectively. The effect of FA on the drying shrinkage of paste was similar to
that of UFA from the consideration that both of FA and UFA increased the drying
shrinkage of paste. However, the use of UFA caused more drying shrinkage of paste than
the use of FA. For instance, the 25-day drying shrinkage of paste MUF8 and MF8 was 0.1103% and -0.1003%, respectively. This was likely due to the fine particle size of UFA
that densified the micro structure of paste better and cause more drying shrinkage than
that of FA.
5.5.3.4 Bound water content and volume of permeable voids
5.5.3.4.1 Bound water content
The 1-day and 28-day bound water content of pastes investigated are presented in
Figure 5.46.
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(a)

1-day bound water content

(b) 28-day bound water content
Figure 5.46 Bound water content of pastes

As shown in Figure 5.46a, for pastes using binary blend of FA and cement, the
bound water content of pastes with SCM/c at 0.1, 0.2 and 0.3 was 6%, 24% and 40%
lower than that of control (SCM/c=0.0), respectively. This indicated the slowed early age
hydration of cement in the presence of FA, and also explained the decreasing 1-day
compressive strength of pastes as the FA content increases. The decrease in the bound
water content might be resulted from the low reactivity of FA at early ages [81, 84, 151,
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152]. The 1-day bound water content of pastes containing MK-FA combinations as SCM
was significantly affected by the proportions of MK and FA. The general trend was that
at the same SCM/c level the increasing MK content resulted in increased 1-day bound
water content. This was also similar to the phenomenon observed in the 1-day
compressive strength test results.
As shown in Figure 5.46b, at the age of 28 day, the bound water content of pastes
increased with the increase in the SCM content. At the same level of SCM/c, the 28-day
bound water content of pastes with SCM consisting of MK-FA combination seemed to be
higher than that of pastes with SCM consisting of SFU alone at all levels of SCM/c. The
use of MK-FA combinations promoted the total cement hydration in the paste or
presented more total pozzolanic reactivity than the use of SFU alone at the age of 28
days. The effect of FA on the bound water content of paste was similar to UFA.
5.5.3.4.2 Volume of permeable voids (Vp)
The volume of permeable voids of pastes investigated is presented in Figure 5.47.

Figure 5.47 Volume of permeable voids
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As shown in Figure 5.47, for pastes using binary blend of FA and cement, the use
of FA slightly increased the Vp, compared with control. For instance Vp of pastes with
SCM/c at 0.1, 0.2 and 0.3 was 4%, 10% and 7% higher than that of control, respectively.
For pastes containing both MK and FA as SCM, when SCM/c was fixed, Vp decreased
with the increase in the MK content. For instance, when SCM/c was 0.30, Vp of pastes
MF4, MF5 and MF6 (pastes arranged in an order of increasing MK content) was 9%,
21% and 45% lower than that of paste F3, respectively. It was also noted that Vp of pastes
containing both MK and FA as SCM was higher than that of pastes containing SFU alone
as SCM at the same level of SCM/c. It was worthy it to notice that, under the same
mixture proportions, paste using FA presented higher Vp than paste using UFA.
5.5.3.5 Discussion of compressive strength and drying shrinkage of paste
containing MK and FA
To understand the behavior of compressive strength and drying shrinkage of pastes
subjected to the changes in the proportions of MK and FA, regression analysis was
conducted to review the correlation between compressive strength and bound water
content of paste (Figure 5.48a), and the correlation between drying shrinkage and Vp of
paste (Figure 5.48b).
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(c) Bound water vs. compressive strength

(d) Volume of permeable voids vs. Drying shrinkage
Figure 5.48 Compressive strength and drying shrinkage of paste containing MK and
FA

As showed in Figure 5.48a and 5.48b, the 1-day compressive strength of paste had
a good correlation with the 1-day bound water content. Likely, the 1-day compressive
strength of paste was significantly affected by the cement hydration. Proportions of MK
and FA in the paste that could promote the cement hydration increased the 1-day
compressive strength of pastes. The drying shrinkage of paste at the period of exposure of
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25 days had a good correlation with Vp. This could be understood that the less permeable
micro structure of paste reduced the moisture loss from the paste to the external
environment, which resulted in less drying shrinkage. Proportions of MK and FA in the
paste that can reduce the volume of permeable voids decreased the drying shrinkage of
paste. However, the 28-day compressive strength of paste did not have significant
correlation with either the 28-day bound water content or the Vp. The reasons underlying
the 28-day compressive strength of paste need more research effort.
5.5.4 Discussion of developing UHPC with MK and UFA/FA
It should be noted that among all the paste mixtures using SFU, MK, UFA and
FA, paste S2 which had SCM/c of 0.2 exhibited the highest 28-day compressive strength
of 152 MPa. From the perspective of achieving superior 28-day compressive strength,
SFU is still the best choice of SCM among MK, UFA and FA. Paste S2 also had good
workability and 1-day compressive strength. However, paste S2 had 28-day drying
shrinkage of 1820 microns, which was higher than most of the paste mixtures
investigated in this study.
Based on the properties which include workability, compressive strength and
drying shrinkage of paste, the use of ternary blend of MK, FA/UFA and cement can
produce paste with some of the properties as good as or even better than paste using
binary blend of SFU and cement. The benefit of using ternary blend of MK, FA/UFA and
cement over binary blend of SFU and cement on the compressive strength is not
significant. However, the use of ternary blend of MK, FA/UFA and cement can produce
paste with significantly better workability and lower drying shrinkage than that of paste
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using binary blend of SFU and cement. It is noted that the use of ternary blend of MK,
FA/UFA and cement is a potential method of reducing the drying shrinkage which is a
problem of paste using binary blend of SFU and cement.
The other advantages of using MK and FA/UFA in the paste also include
economic and environmental benefit. SFU was a cheap SCM when it was considered a
waste material from the silicon industry. Nowadays, the price of SFU is about 4 time that
of cement. The use of MK and FA/UFA not only reduces the cost of paste, but also
provides more options of SCM for UHPC rather than SFU.
It is noted that the UFA and FA generally behave similarly in influencing the
mixing time, workability, 1-day compressive strength and drying shrinkage of paste. The
main difference is that the use of UFA requires more mixing time to prepare fresh
mixture than the use of FA, and the use of UFA exhibits higher 28-day compressive
strength of paste than the use of FA. This is probably attributed to the fine particle size of
UFA which provide more surface area during mixing and better packed micro structure
of hardened paste than FA.
As discussed above, the 28-day compressive strength of paste using ternary blend
of MK, UFA and cement ranged from 118.1MPa to 150.1MPa, and the28-day
compressive strength of paste using ternary blend of MK, FA and cement ranged from
116.8 MPa to 150.5MPa. This range of compressive strength of paste falls into the typical
range of non-fiber reinforced phase of UHPC in many literature [9, 168-170]. It is
anticipated that, by using quality aggregate and reinforcing fibers at proper contents,
UHPC using MK-UFA combinations as SCM can be produced with good workability,
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high early and later age compressive strength and low drying shrinkage. In the later part
of this study of developing UHPC mixtures, the use of MK-UFA combinations in
producing UHPC is explored. However, as discussed in the time of conversion from dry
mixture to fluid mixture, when MK content is high the prolonged mixing time is an issue
which needs more research effort.
5.5.5 Prediction of properties of paste using MK, UFA and SFU
5.5.5.1 Regression analysis of properties of paste containing MK, UFA and SFU
Regression analysis is conducted with software JMP® 11 to developed equations
to predict the workability, 1-day and 28-day compressive strength and drying shrinkage
at periods of exposure of 25 days of pastes.
As discussed above, the use of ternary blend of MK, UFA and cement produced
paste with higher 28-day compressive strength than the use of ternary blend of MK, FA
and cement. The pastes using the use of ternary blend of MK, UFA and cement are used
for regression analysis. For pastes containing MK-UFA combinations as SCM, the
regression equations are developed simply based on the MK content and UFA content in
the paste. MK content is expressed as “a” which is the mass ratio of MK to portland
cement. UFA content is expressed as “b” which is the mass ratio of UFA to portland
cement. The model terms included in the least squares analysis are a, a2, a3, b, b2, b3 and
a×b. The t test is carried out for the hypothesis that the estimated coefficient of each of
the model terms equals zero. Only the model terms with p-value of t test less than 0.05
are considered having significant effect in the regression model. The final regression
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equations for predicting the drying shrinkage of paste only include the statistically
significant model terms.
For pastes containing SFU alone as SCM, the regression equations are developed
simply based on the SFU content in the paste. SFU content is expressed as “c” which is
the mass ratio of SFU to portland cement. The model terms included in the least squares
analysis are c, c2 and c3. The t test is carried out for the hypothesis that the estimated
coefficient of each of the model terms equals zero. Only the model terms with p-value of
t test less than 0.05 are considered statistically significant and included in the final
regression equations for predicting the drying shrinkage of paste.
The regression equations for predicting the drying shrinkage of paste using MKFA combinations as SCM and paste using SFU alone as SCM are shown in Table 5.12.
Table 5.12 Prediction of properties of pastes
Properties

SCM

Regression equations

WMF=296.7-511.6a-37.2b+584.4×(a-0.08)×(bWorkability (%)
0.13)
SFU
WS=340.3-519.8c-1376.8×(c-0.2)2
1-day compressive
MK-UFA
CS1MF=77.1+114.4a-217.6b
strength (MPa)
SFU
CS1S=77.3-55.5c
28-day compressive
MK-UFA
CS28MF=144.9-677.8×(b-0.13)2
strength (MPa)
SFU
CS28S=167.2-118.2c-847.4×(c-0.2)2
dMF25=-0.1736+0.3009a+0.9033×(b-0.13)225-day drying
MK-UFA
6.5584×(b-0.13)3
shrinkage (%)
SFU
dS25=-0.183+0.74×(c-0.2)2
Note: a=MK/cement by mass; b=UFA/cement by mass; c=SFU/cement by mass
MK-UFA

R2
adjusted
0.97
0.99
0.89
0.80
0.44
0.89
0.96
0.76

5.5.5.2 Optimization of MK and UFA content in the paste
The optimization of MK and UFA content in the cementitious paste is based on
the responses of pastes’ properties including workability, 1-day and 28-day compressive
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strength, 25-day drying shrinkage and SCM content. The multi-goal optimization is
conducted with desirability function developed by Derringer [171]. The desirability
function is given in equation (5.5):
D = (d1r1× d2r2× d3r3×… ×dnrn)1/(Σri)

(5.5)

where n is the number of responses in the optimization; ri is the relative
importance of each individual functions di, which .varies depending on the importance of
the response in the optimization; di is the individual desirability function of a response,
which ranges from 0 (undesired response) to 1 (fully desired response).
The individual response function is:
0
X≤L
[(X-L)/(U-L)]w L<X<U
1
X≥U
where X is the value of a response; L is the lower limit for the response; U is the
d(X)

upper limit for the response; and w is the weight for a response. The value of w is ranged
from 0.1 to 10. When w is higher than 1, the individual response function places more
emphasis to the desired response. When w is lower than 1, the individual response
function places less emphasis to the desired response. When w is equal to 1, the
individual response function places no emphasis to the desired response (linear function).
Thus, the individual desirability function can convert the value of a response into a value
between 0 and 1. The final value of D is a value between 0 and 1.
In this study, the five responses: workability, 1-day and 28-day compressive
strength, 25-day drying shrinkage and SCM content are considered equally important.
High workability, 1-day and 28-day compressive strength and SCM content are
preferable. Low 25-day drying shrinkage is consider preferable. The predictions
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equations developed above are used to calculate the material properties of paste. The
SCM content is simply the sum of MK and FA content. The desirability is calculated by
JMP® 11, and shown in Figure 5.49.

UFA (%)

Figure 5.49 Optimization of MK and UFA in paste by JMP® 11
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As shown in Figure 5.49, the highest desirability can be achieved is 0.562 when
the MK/c=0.136 and UFA/c=0.116. This is the optimal MK and UFA content. The
predicted responses at optimal MK and UFA content can be found in Figure 5.49.
5.5.5.3 Validation of the prediction of the properties of paste
The paste with optimal MK and UFA content was prepared to verify the
prediction equations. The results are shown in Table 5.13.

Table 5.13 Predicted properties of optimal paste
Flow (%)
1-day compressive
strength (MPa)
28-day compressive
strength (MPa)
25-day drying
shrinkage (%)

Experimental values (Ev)
231

Predicted values (Pv)
222

(Pv-Ev)/Ev
-0.04

64

68

0.06

139

145

0.04

-0.107

-0.132

0.23

As shown in Table 5.13, the predicted flow, 1-day compressive strength and 28day compressive strength was 4% lower, 6% higher and 4% higher than the experimental
results, respectively. This indicated that the prediction equation could well predict the
workability and compressive strength. However, the predicted 25-day drying shrinkage
was 23% higher than the experimental result. This error was bigger than the error in
predicting workability and compressive strength, but still acceptable.
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5.5.6 Summary of the effect of SCM on the properties of paste
For paste using binary blend of SFU and cement, the increase in the SFU content
reduced the workability of paste, and increased the mixing time. The autogenous
shrinkage of paste could be increased due to the use of SFU. The use of SFU did not have
significant effect on the setting time of paste. The highest 28-day compressive strength of
152 MPa was achieved by using SFU at a content of SCM/c=20%. The drying shrinkage
of paste increased with the increase in the SFU content up to SCM/c=10%, after which
the drying shrinkage decreased with the increase in the SFU content.
For paste using binary blend of UFA or FA and cement, the increase in the FA
content did not show significant effect on the workability or mixing time of paste. The
increase in the UFA content prolonged the setting time of paste, and increased the
autogenous shrinkage. Both UFA and FA resulted in significant effect in reducing the 1day compressive strength of paste. Moreover, the drying shrinkage of paste could be
increased in presence of UFA or FA.
The use of binary blend of MK and cement resulted in prolonged mixing time,
decreased workability, improved 1-day compressive strength and reduced drying
shrinkage and increased autogenous shrinkage of paste. The increase in the MK content
reduced the setting time of paste. The 28-day compressive strength paste was not
significantly affected by the MK content. The combined use of MK and UFA/FA in paste
(ternary blend of MK, UFA/FA and cement) could compensate the reduction in the 1-day
compressive strength and increase in the drying shrinkage due to the use of UFA/FA, and
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compensate the reduction in the workability and increase in mixing time due to the use of
MK.
Paste with combined use of MK and UFA/FA at proper proportions could be
produced with higher workability, higher 28-day compressive strength and lower drying
shrinkage than paste using SFU alone as SCM, at the same level of SCM/c.
The 1-day compressive strength of pastes using ternary blend of MK, UFA/FA
and cement was significantly related to the 1-day cement hydration. Proportions of MK
and UFA/FA that could promote the 1-day cement hydration increased the 1-day
compressive strength of pastes. 28-day compressive strength of pastes using ternary blend
of MK, UFA/FA and cement was not significantly related to the 28-day bound water
content. The drying shrinkage of pastes using ternary blend of MK, UFA/FA and cement
was significantly related to the volume of permeable voids of paste. Proportions of MK
and UFA/FA that could reduce the volume of permeable voids resulted in decreased
drying shrinkage.
The workability, 1-day compressive strength, 28-day compressive strength and
25-day drying shrinkage of paste containing MK and UFA could be predicted and
optimized based on the MK content and UFA content following a multi-goal optimization
process (desirability function).
Selected paste formulations were used to develop UHPC in the later part of this
study.
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5.6 Combined Effect of Sand and Fiber on the Properties of UHPC
This section includes the investigations on the combined effect of sand content
and SMF content on the workability, compressive strength, first-crack flexural, postcrack flexural strength, drying shrinkage, RCP and bulk electric resistance of mortar. A
minimum sand content to prevent severe segregation of SMF is determined. Prediction
models of the material properties of SMF reinforced mortar are developed based on the
volumetric sand content and SMF content.
5.6.1 Material properties
5.6.1.1 Workability of mortar
The workability of mortars is shown in Figure 5.50. It is noted that, during
mixing, mortar M11, M21 and M31 exhibited severe segregation of SMF. Thus, their
flow values are not presented here.

Figure 5.50 Workability of SMF reinforced mortar (%)
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As shown in Figure 5.50, the flow of mortar decreased with the increase in the
sand content at fixed SMF content. For instance, at VSMF/VT=0, the flow of mortar M01,
M02 and M03 was 7%, 25% and 43% lower than that of the control mortar M00,
respectively. This was attributed to the large surface area of the sand particles which
reduced the amount of paste lubricating the sand particles [172, 173]. The flow of mortar
also decreased with the increase in the SMF content at fixed sand content. For instance, at
s/cm=1.25, the flow of mortar M12, M22 and M32 was 11%, 18% and 44% lower than
that of mortar M02, respectively. Likely, the internal resistance and friction resulted from
the interaction of fibers were the reasons of decreased workability as the SMF content
increases [174]. Among all the mortar mixtures presented in Figure 5.50, the lowest flow
of mortar which could be consolidated under self-weight was 122% (mortar M32), and
highest flow of mortar which needed external vibration for consolidation was 75%
(mortar M23). Thus, the threshold flow of fiber reinforced mortar was anticipated to be
between 122% and 75%.
5.6.1.2 Compressive strength of mortar
The 1-day and 28-day compressive strength of mortars is shown in Figure 5.51.
Mortars M11, M21 and M31 exhibited severe segregation of SMF during mixing. Thus,
their compressive strength is not presented. Mortar M23 and M33 were consolidated with
external vibration for 30s, as their workability was not good. The rest of the portland
cement mortars were consolidated under the self-weight.
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b. 28-day compressive strength
(MPa)

a. 1-day compressive strength (MPa)

Figure 5.51 Compressive strength of SMF reinforced mortar

As shown in Figure 5.51a, the 1-day compressive strength of mortar was not
significantly affected by the sand content and SMF content. The 1-day compressive
strength of mortar ranged from 68 to 86 MPa. However, as shown in Figure 5.51b, the
28-day compressive strength of mortar slightly decreased with the increase in the sand
content at fixed SMF content, except when VSMF/VT is 0.03. For instance, at VSMF/VT=0,
the 28-day compressive strength of mortar M01, M02 and M03 was 5%, 8% and 10%
lower than that of the control mortar M00, respectively. This can be attributed to the
increased amount of weak zones and interfacial transaction zone in the mortar as the sand
increased [175]. The 28-day compressive strength of mortar slightly increased with the
increase in the SMF content at fixed sand content. For instance, at s/cm=1.25, the 28-day
compressive strength of mortar M12, M22 and M32 was 0.1%, 5% and 10% higher than
that of the control mortar M02, respectively. SMF content at 1% did not have noticeable
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impact on the 28-day compressive strength. The restrained crack propagation in the
hardened mortar due to the use of SMF contributed to the increased compressive strength
[12]. It should be noticed that the use of sand or SMF presented relatively limited impact
on the compressive strength of mortar, compared with their significant impact on the
workability of mortar.
5.6.1.3 Flexural strength of mortar
The loading-stroke curves of four specimens containing different SMF contents at
fixed sand content (s/cm=1.25) recorded by the Universal Testing Machine during the
test are presented in Figure 5.52. The vertical axis in Figure 5.52 is the loading which
was measured by the load sensor installed on the loading head of the UTM. The
horizontal axis in Figure 5.52 is the stroke which was the displacement of the load head
of the UTM. It should be noted that such loading-stroke curve does not give information
of the stress-strain relation or loading-deflection relation of the specimen during flexural
test.
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Figure 5.52 Loading-stroke relation of specimen under flexure moment (UTM)

As shown in Figure 5.52, the flexural behavior of SMF reinforced mortar
specimen under flection consisted of three stages: first, the load increased with the stoke
until a sudden decrease in the load happened; second, the load regained after the sudden
decrease in the load, and the load increased with the stoke until the ultimate peak load;
third, after the ultimate peak load was achieved, the load decreased with the stoke. For
mortar without SMF, the flexural behavior of specimen under flection only consisted of
one stage which was that the load increased with the stoke until ultimate peak load was
reached.
The sudden decrease in the first stage of SMF reinforced mortar specimen was the
first-crack load of the specimen which was marked by an arrow (see Figure 5.52), the
ultimate load was the post-crack ultimate load of the specimen. For mortar without SMF,
the crack load and the ultimate peak load was the same. The ultimate peak load of mortar
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without SMF was also marked in Figure 5.52. It was observed that the first-crack load of
the specimens containing SMF from 0% to 3% was not significantly different, although
the post-crack ultimate load of the specimens containing SMF from 0% to 3% was
significantly different. Specifically for the case in Figure 5.52, For instance the ultimate
flexural strength of mortars with SMF content at 1%, 2% and 3% was 41%, 113% and
139% higher than that of mortar without SMF, respectively. Likely this was because that
the function of SMF which was restraining the propagation of crack was only effective
after the crack occurs. Another point should be noted was that as the SMF content
increased, the sudden decrease in the load when the crack load was achieved was getting
less significant. Likely as the SMF content increases more fibers were available to retrain
the load drops.
The average flexural strength at crack load and post-crack ultimate load of three
specimens of each mortar mixture containing different sand content and SMF content is
shown in Figure 5.53.
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a. Flexural strength at first-crack load

b. Flexural strength at post-crack ultimate load

Figure 5.53 Flexural strength of SMF reinforced mortar

As shown in Figure 5.53a, the increase in the sand content or SMF content did not
have significant effect on the first-crack flexural strength of mortar. The first-crack
flexural strength of mortar ranged from 17 to 22 MPa. As shown in Figure 5.53b, the
increase in the SMF content significantly improved the post-crack flexural strength of
mortar at fixed sand content. For instance, at sand content of s/cm=1.25, the post-crack
flexural strength of mortar with SMF content at VSMF/VT=0.01, 0.02 and 0.03 was 43%,
125% and 153% higher than that of mortar without SMF, respectively. The phenomenon
observed was in agreement with previous findings that fibers restrained the propagation
of cracks and thus improve the post-crack tensile strength of concrete [12]. The increase
in the sand content did not have significant effect on the post-crack flexural strength of
mortar at all levels of SMF content.
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5.6.1.4 Drying shrinkage of mortar
The 25-day drying shrinkage of mortars is shown in Figure 5.54. Mortars M11,
M21 and M31 exhibited severe segregation of SMF during mixing. Thus, their
compressive strength is not presented.

Figure 5.54 25-day drying shrinkage
(%)

As shown in Figure 5.54, the increase in the sand content resulted in decrease in
the drying shrinkage of mortar at the periods of exposure at 25 days when the SMF
content was fixed. For instance, when the periods of exposure was 25 days and VSMF/VT
is 0.0, the drying shrinkage of mortars M01, M02 and M03 was 33%, 58% and 65%
lower than that of mortar M00, respectively. This was attributed to the reduced volume of
cementitious paste and the restrained shrinkage of cementitious paste in presence of sand
[176]. The increase in the SMF content also resulted in decrease in the drying shrinkage
of mortar at the periods of exposure at 25 days when the sand content was fixed. For
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instance, when the periods of exposure was 25 days and s/cm was 1.25, the drying
shrinkage of mortars M12, M22 and M32 was 3%, 22% and 29% lower than that of
mortar M02, respectively. Similarly to the use of sand, the use of SMF could also reduce
the volume of cementitious paste. Another possible reason was that SMF can restrain the
shrinkage of cementitious paste.
5.6.1.5 Electrical resistivity and rapid chloride penetration of mortar
Severe segregation of SMF was observed during mixing the fresh SMF reinforce
mortar. To identify segregation of SMF that was not obvious enough to be observed,
electrical resistivity of hardened mortar was measured. It had been known that the
incorporation of reinforcing fibers would affect the RCP of hardened concrete. When
conductive fiber was used, say SMF in this study, the RCP was anticipated to have
correlation with the electrical resistivity of the hardened concrete. Thus, RCP was
conducted on the same specimens after the electrical resistivity test. The electrical
resistivity and RCP results are shown in Table 5.14.
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Table 5.14 Electrical resistivity and rapid chloride penetration of mortar containing
SMF
Mortar ID
M00
M01
M02
M03
M11
M12
M13
M22
M23
M32
M33

Resistivity (ohm×m) Charge passed (Coulomb)
T
M
B
T
M
B
128.0 132.2 125.7 1973
1708
2362
178.2 186.1 187.3 1263
1342
1544
239.3 243.1 247.4
917
1021
1033
262.6 272.7 280.0
914
859
873
165.4 160.8 42.7
1559
1673
4940
43.3 29.5 41.6
3705
4598
3383
74.8 94.0 97.6
2291
1603
1658
28.5 42.4 45.0
8032
4485
4351
57.1 75.7 62.5
3171
2530
2403
34.6 38.8 39.3
7067
5060
5496
35.5 42.9 48.6
7341
5005
4257

As shown in Table 5.14, the increase in the sand content resulted in an increase in
the electrical resistivity. A calculation of electrical resistivity of four top specimens of
mortar M00, M01, M02 and M03 revealed that as the s/cm increased from 0 to 1.6, the
electrical resistivity was continuously increased by 105%. For non-fiber reinforced
mortar, the main contributor to the conductivity was the pore solution which is rich in
ions. The volume of paste decreased with an increase in the sand content, and therefore
reduction in the volume of pore solution. This was likely the main reason of the increased
electrical resistivity as the sand content increased. However, the increase in the SMF
content to 1% reduced the resistivity of mortar significantly due to the incorporation of
conductive fibers in the mortar. When the SMF content was higher than 1%, the
resistivity of mortar was not affected significantly considering the error of the test
method.
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The philosophy of identifying segregation was that the electrical resistivity for
specimen from the bottom of the parent cylinder was significantly higher than that of
specimen from the top or middle of the parent cylinder. However, due to the system error
of the test method, such philosophy might not be valid to find out mixture with slight
segregation. As shown in Table 5.14, M11 was identified as mortar having severe
segregation of SMF because the electrical resistivity of the bottom segment was only 42.7
ohm/m and the electrical resistivity of the top or middle segment was around 160 ohm/m.
Such significant decrease in the electrical resistivity for segment at the bottom of the
cylinder was due to the possible phenomenon that SMF may have sunk to the bottom of
the cylinder during casting. Some other mortar mixtures, such as mortar M32 and M33,
exhibited increasing electrical resistivity from top to bottom, likely caused by more sand
at the bottom part of the cylinder. However, the sink of SMF also caused decrease in the
electrical resistivity. These two possible factors might both contribute to the observed
behavior of electrical resistivity of SMF reinforced mortar. Considering the system error
of the test method of electrical resistivity, this statement could not be evidently
supported.
As shown in Table 5.14, when comparing the results of specimens from the same
location of the cylinder, for instance top segments from mortars M00, M01, M02 and
M03, it was observed that the increase in the sand content resulted in a decrease in the
charge passed. This was attributed to the fact that sand particles were less permeable than
cement paste. Also, this is the phenomenon that was observed in previous part of this
chapter (see session 5.4).
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The increase in the SMF content resulted in an increase in the charge passed
which was related to the electrical resistivity of the specimens. The relation between
electrical resistivity and RCP was presented in Figure 5.55, which confirmed that the
increase in the electrical resistivity increased the measured charge passing through
specimens during the RCP test.

Figure 5.55 Correlation of bulk electrical resistivity and RCP results

The phenomenon that the electrical resistivity of specimen having impact on the
RCP results had been observed in many previous researches [124, 177-179]. One of the
examples is shown in Figure 5.56.
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Figure 5.56 Correlation of electrical resistivity and RCP results [179]

The correlation between electrical resistivity and RCP value was one of the major
points on which many researchers and scientists cast criticism on the validity of using
ASTM C1202 to evaluate the chloride permeability of concrete [124, 177, 178]. One of
the assumptions to explain the increase in the measured RCP as the electrical resistivity
of the specimen decreased was derived from the Joule effect [124, 180]. The assumption
was that when electrical passed through the concrete specimen, the temperature of the
specimen increased due to the Joule effect. Such increase in the temperature increased the
mobility of ions presenting in the pore solution [124]. Thus, within 6 hours which was the
duration of ASTM C1202 method, specimens with more mobile ions gave more charge
passed through the specimens.
Specifically to the SMF reinforced mortar investigated in this study, the function
of SMF in the mortar was considered as follows: First, the incorporation of SMF reduced
the volume of paste which was more permeable for chloride in the mortar, and resulted in
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less charge passed; Second, the incorporation of SMF increased the volume of ITZ which
was more permeable than bulk cement paste in the mortar, and resulted in more charge
passed; Third, the incorporation of SMF decreased the electrical resistivity mortar, and
resulted in more charge passed due to the Joule effect. To study the effect of fiber content
on the RCP while eliminating the Joule effect, PVAMF which were nonconductive were
used at the same content of SMF to study the effect of fibers on RCP. The PVAMF had
the same length and same diameter as SMF. The results of mortar containing PVAMF
and mortars containing SMF are shown and compared in Table 5.15.
Table 5.15 Electrical resistivity and rapid chloride penetration of mortar containing
PVAMF in comparison with SMF
Mortar ID
M02
M12
M22
MP12
MP22

Resistivity (ohm×m)
Charge passed (Coulomb)
T
M
B
Average
T
M
B
Average
239.3 243.1 247.4 243.3
917 1021 1033 990.3
43.3 29.5 41.6
38.1
3705 4598 3383 3895.3
28.5 42.4 45.0
38.6
8032 4485 4351 5622.7
280.3 301.9 324.4 302.2
927 918 838
894.3
345.0 316.4 302.7 321.4
784 872 838
831.3

As shown in Table 5.15, the increase in the PVAMF content resulted in an
increase in the average electrical resistivity, which was attributed to the higher electrical
resistivity of PVAMF than that of cementitious mortar or reduced volume of relatively
conductive mortar. The increase in the PVAMF content resulted in a decrease in the
average charge passed. As the three functions of fibers discussed above, the decrease in
the average charge passed might indicate that the effect of reducing volume of mortar by
increasing PVAMF content overcame the effect of increased ITZ content by increasing
PVAMF content.
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ITZ refers to paste at the vicinity of aggregate particles (20 - 40 μm thick) which
has a microstructure more porous than that of paste farther away from the aggregate
particles (bulk paste) in concrete [12, 13]. To investigate the influence of ITZ induced by
sand particles and SMF on the RCP test results of high strength mortar, the
microstructure of mortar M22 is shown in Figure 5.57.

C-S-H gel
Un-hydrated
cement
Steel
micro fiber

Sand

Figure 5.57 Microstructure of high strength mortar (mortar M22)

As shown in Figure 5.57, the paste fraction of high strength mortar had a dense
microstructure of C-S-H gel and large amount of un-hydrated cement. The paste at the
vicinity of a steel fiber or at the vicinity of a sand particle was not visually different from

255

the paste farther away from the steel fiber and sand particle. This was in accordance with
some literature stating that the ITZ was not significant in concrete with low w/c, which
was supported by evidence that the porosity or hardness of ITZ was not significantly
different from the bulk paste [48-50]. Based on Figure 5.57, it was considered that the
influence of ITZ around sand and SMF on the RCP test results of high strength mortar
was not significant in this study.
The significance of the Joule effect on the RCP test was recognized by comparing
mortars using PVAMF and SMF at the same content. For instance, the charge passed
through mortar M22 was 5622.7 Coulomb which was significantly higher than that of
mortar MP22 which was 831.3 Coulomb. Thus, the measure high charge passed of mortar
containing SMF might not be solid evidence which inferring poor chloride ion resistivity
of SMF reinforced mortar. The limitation of the ASTM C1202 method could not give an
evident conclusion that SMF reinforced mortar had bad performed in resisting chloride
ion.
5.6.2 Discussion of the effect of sand and SMF on properties of mortar
Both sand content and SMF content have their individual effect on the properties
of mortar. The increase in either sand content or SMF content reduces the workability
and drying shrinkage of mortar. The impact of sand content or SMF content on the 1-day
compressive strength of mortar is not significant. The increase in sand content appears to
slightly decrease the 28-day compressive strength of mortar, while the increase in SMF
content improves the 28-day compressive strength of mortar. The increase in SMF
content significantly improves the flexural strength of mortar.
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SMF reinforced mortar is a suspension of SMF and sand in the cement paste. The
segregation behavior of the components in the suspension is affected by the specific
gravity of cement paste, SMF and sand and the viscosity of the cement paste. If assume
the air content of paste at w/c=0.2 is zero, the specific gravity of paste at w/c=0.2 can be
calculated. Table 5.16 shows the specific gravity of SMF, sand, and calculated specific
gravity of cement paste.

Table 5.16 Specific gravity of SMF, sand, and calculated specific gravity of cement
paste.
Component of SMF reinforced mortar Specific gravity
Cement paste at w/c=0.2
2.32
Sand
2.64
SMF
7.8

In such suspension, SMF and sand tend to sink due to their difference in the
specific gravity from cement paste. SMF tends to sink more as its specific gravity is
about 3 times the specific gravity of paste. Sand SMF tends to sink less as its specific
gravity is close to that of cement paste, and its movement is limited by the viscos nature
of cement paste through shear stress. Thus, the suspending sand particles can act like
floating support to the SMF. Also a skeleton of sand particles can prevent SMF from
segregating. Alternatively, the SMF would present downward force on the sand particles.
The interaction between sand particles and SMF affects the segregation of SMF in fresh
mortar. As the electrical resistivity test result shows, enough sand content is needed to
prevent SMF from segregating. As discussed above, mortar M11 is confirmed to have
severe segregation of SMF by both the visual appearance of fresh mortar and the
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electrical resistivity test results of hardened mortar. That is, s/cm=0.5 is not an adequate
sand content to support SMF at content of 1% and higher. For mortars with sand content
at s/cm=1.25 and s/cm=1.6, no noticeable segregation of SMF is observed at SMF
content of 1%, 2% and 3%. Thus, s/cm=1.25 is the least sand content needed to support
SMF at content ranging from 1% to 3%. For the rest of the study, sand content at
s/cm=1.25 will be used to develop SMF reinforced UHPC.
5.6.3 Prediction of properties of SMF reinforced mortar
5.6.3.1 Regression analysis of properties of SMF reinforced mortar
Regression analysis was conducted with software JMP® 11 to developed
equations to predict the workability, 1-day and 28-day compressive strength, post-crack
flexural strength and drying shrinkage at periods of exposure of 25 days of SMF
reinforced mortar. The influencing factors included sand content and SMF content. As
discussed above, the effects of sand content and SMF content on the drying shrinkage of
mortars were more related with the volume of sand and SMF in the mortar, instead of the
mass of sand and SMF. The higher the sand content or the SMF content, the less volume
of cementitious paste presented in the mortar, and the more restraining effect on the
dying shrinkage of cementitious paste. Although, the restraining effect of sand and SMF
on the shrinkage of cement paste was also important, but it could not be quantified in this
study. To be consistent, the Regression analysis on the workability and compressive
strength of SMF reinforced mortar was based on the volumetric content of sand and SMF
in the mortar.
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The workability, 1-day and 28-day compressive strength, post-crack flexural
strength and drying shrinkage at periods of exposure of 25 days of SMF reinforced
mortar are summarized in Table 5.17. The paste volume fraction, sand volume fraction
and SMF volume fraction in mortar are calculated and also presented in Table 5.17. The
volume fraction of HRWRA in mortar is ignored, as the value is very small.

Table 5.17 Properties of SMF reinforced mortar
Mortar
ID

Flow
(%)

M00
M01
M02
M03
M12
M13
M22
M23
M32
M33

288
269
217
163
194
156
178
75
122
13

Compressive
strength (MPa)
1-day
28-day
77
135
73
128
81
125
77
121
73
125
68
121
68
132
86
122
84
137
79
142

Post-crack
flexural
strength (MPa)
17
18
19
19
27
30
43
40
48
53

25-day drying
shrinkage (%)
-0.1490
-0.0993
-0.0630
-0.0527
-0.0613
-0.0490
-0.0530
-0.0420
-0.0447
-0.0410

Volume fraction in the mortar
Vps/VTa
1.000
0.731
0.521
0.460
0.516
0.455
0.511
0.450
0.506
0.446

Vs/VTb
0.000
0.269
0.479
0.540
0.474
0.535
0.469
0.530
0.464
0.524

VSMF/VTc
0.00
0.00
0.00
0.00
0.01
0.01
0.02
0.02
0.03
0.03

Note: a volume ratio of cementitious paste to the total mortar; b volume ratio of sand to the
total mortar; c volume ratio of SMF to the total mortar

The regression equations are developed simply based on the volume fraction of
sand and SMF in the mortar mixture. The volume fraction of sand is expressed as “s”.
The volume fraction of SMF is expressed as “f”. The model terms included in the least
squares analysis are s, s2, s3, f, f2, f3 and s×f. The t test is carried out for the hypothesis
that the estimated coefficient of each of the model terms equals zero. Only the model
terms with p-value of t test less than 0.05 are considered having significant effect in the
regression model. The final regression equations only include the statistically significant
model terms. The regression equations are shown in Table 5.18.
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Table 5.18 Prediction of relative changes in the drying shrinkage of mortars
Properties
Workability (%)
1-day compressive
strength (MPa)
28-day compressive
strength (MPa)
Post-crack flexural
strength (MPa)
25-day drying shrinkage
(%)

Regression
Wm=672.1-999.0s-537.8×(s-0.4284)2-145872.2×(f-0.012)251486.1×(s-0.4284)×(f-0.012)

R2 adjusted

-

-

CS28m=130.8-24.1s+352.7f+30278.0×(f-0.012)2

0.80

FSm=18.2+1103.8f

0.98

dmm25=-0.1480+0.1755s+0.6085f

0.99

0.98

Note: s=volume ratio of sand to the total mortar; f= volume ratio of SMF to the total
mortar

It should be noted that no good regression equation is found to predict the 1-day
compressive strength of SMF reinforced mortar. This is because that the effect of sand
content and SMF content on the 1-day compressive strength of mortar is not significant.
5.6.3.2 Validation of the prediction of the properties of SMF reinforced mortar
A mortar with sand content of s/cm=1.4 and SMF content of 1.1% was prepared
to verify the prediction equations. The volume fraction of sand in the mortar was 0.501.
The volume fraction of SMF in the mortar was 0.011. The results are shown in Table
5.19.
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Table 5.19 Prediction of properties of SMF reinforced portland cement mortar

Flow (%)
28-day compressive strength
(MPa)
Flexural strength (MPa)
25-day drying shrinkage (%)

Experimental values
(Ev)
163

Predicted values
(Pv)
172

121

123

0.02

27
-0.0480

30
-0.0534

0.11
0.11

(Pv-Ev)/Ev
0.06

As shown in Table 5.19, the predicted flow, 28-day compressive strength, flexural
strength and 25-day drying shrinkage was higher than the experimental results by 6%,
2%, 11% and 11%, respectively. The regression equations shown in Table 5.18 can give
good prediction of the properties of SMF reinforced mortar.
5.6.4 Summary of combined effect of sand and SMF on properties of mortar
When the SMF content is fixed, the increase in the sand content decreased the
workability and drying shrinkage of portland cement mortar. The influence of sand
content on the 28-day compressive strength of mortar was not significant. The chloride
permeability of mortar was decreased as the sand content increased, which was attributed
to the reduce volume of paste.
When the sand content was fixed, the increase in the SMF content decreased the
workability and drying shrinkage of portland cement mortar. The increase in the sand
content or SMF content did not result in noticeable changes in the 28-day first-crack
flexural strength of mortar. However, the post-crack flexural strength of mortar was
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significantly increased by using SMF. The 28-day compressive strength of mortar was
slightly improved as the SMF content increases.
Certain minimum sand content was required to prevent the segregation of SMF.
In this study, s/cm=1.25 was the lowest sand content to prevent segregation of SMF at
content from 1% to 3%.
The increase in the sand content or decrease in the SMF content resulted in an
increase in the bulk electrical resistivity of mortar. This was due to the facts that sand was
less conductive than cement paste, and SMF is more conductive than cement paste. Bulk
electrical resistivity test on hardened mortar could be used to identify the severe
segregation of SMF. To a well compacted high strength mortar, the main effect of
increasing sand content or SMF content was reducing the volume of cement paste, which
was beneficial in reducing the chloride ion permeability of mortar. The cement paste at
the vicinity of sand particles and SMF was not visually different from the paste farther
away, which indicated insignificant ITZ for high strength mortar. A strong correlation
between RCP test results and the resistance of the specimens was observed. If the
chloride ion permeability of SMF reinforced mortar was evaluated with RCP method, the
significant Joule’s effect would falsely indicate increased chloride ion permeability as the
SMF content increased. The workability, 28-day compressive strength, flexural strength,
and 25-day drying shrinkage of mortar could be well predicted simply based on the sand
content by volume and SMF content by volume.
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5.7 Development of UHPC
Selected paste formulations were used to produce UHPC simply by adding SMF
and sand. SMF content was set at 2% due to the fact that SMF content at 1% would not
cause significant improvement in the compressive strength of UHPC. The sand content
was set at s/cm=1.25 and 1.6, as sand content lower than s/cm=1.25 would result in
potential severe segregation of SMF.
In total eight SMF reinforced mortar mixtures were prepared. The relative mixture
proportions are shown in Table 5.20. The parent paste of each mixture is also listed in
Table 5.20 for reference.

Table 5.20 Relative mixture proportions of UHPC
Mixture ID Parent paste ID SFU/c MK/c FA/c
CSFU1
S2
0.2
0
0
CSFU2
S2
0.2
0
0
CSFU3
S3
0.3
0
0
CUFA1
F2
0
0
0.2
CMUF1
MUF2
0
0.05 0.15
CMUF2
MUF3
0
0.1
0.1
CMUF3
MUF4
0
0.05 0.25
CMUF4
MUFOPT
0
0.136 0.116

s/cm SMF content
1.25
2%
1.6
2%
1.25
2%
1.25
2%
1.25
2%
1.25
2%
1.25
2%
1.25
2%

The material properties of the parent paste are shown in Table 5.21 for reference.
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Table 5.21 Properties of paste used for preparing UHPC
Paste ID

Flow (%)

S2
S3
F2
MUF2
MUF3
MUF4
MUFOPT

238
175
288
269
239
258
231

Compressive strength (MPa)
1-day
72
58
26
61
59
38
64

28-day
152
119
148
145
145
149
139

25-day drying
shrinkage (%)
-0.182
-0.168
-0.179
-0.156
-0.149
-0.157
-0.107

5.7.1 Properties of SMF reinforced mortars
The material properties of the eight SMF reinforced mortars are shown in Table
5.22

Table 5.22 Properties of UHPC
Compressive strength
Mixture
ID
CSFU1
CSFU2
CSFU3
CUFA
CMUF1
CMUF2
CMUF3
CMUF4

Flow
(%)

1-day

28-day

Average
COV
Average
(MPa)
(%)
(MPa)
106
74
2.3
160
81
71
2.8
160
81
75
2.7
156
169
60
3.8
140
169
65
2.0
140
144
66
1.0
142
150
58
3.7
150
138
66
5.0
141
a
b
Self-Consolidating; Vibration

COV
(%)
1.1
1.8
8.8
2.8
2.2
1.1
1.2
2.8

25-day
drying
shrinkage
(%)
-0.069
-0.053
-0.065
-0.065
-0.047
-0.039
-0.052
-0.037

Flexural
strength (MPa)
Firstcrack

Postcrack

19
21
17
18
18
19
20
19

37
42
29
36
36
37
38
35

RCP
(Coulomb)

Casting
method

176
106
119
1453
1117
251
949
142

Sa
Vb
Vb
Sa
Sa
Sa
Sa
Sa

As shown in Table 5.22, the workability of concrete mixture containing SFU
(from flow value of 81% to 106%) was generally lower than that of mixture containing
MK and UFA (from 138% to 169%). This trend was in accordance with the findings from
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the paste mixtures, where the workability of paste containing SFU was generally lower
than that of paste containing MK and UFA (see Table 5.21).
All the eight concrete mixtures exhibited high 1-day compressive strength ranging
from 58 MPa to 75 MPa, and very high 28-day compressive strength ranging from 140
MPa to 160 MPa. It was noted that the 1-day compressive strength of concrete mixture
containing SFU (from 71 MPa to 75 MPa) was generally higher than that of mixture
containing MK and UFA (from 58 MPa to 66 MPa), and the 28-day compressive strength
of concrete mixture containing SFU (from 156 MPa to 160 MPa) was generally higher
than that of mixture containing MK and UFA (from 140 MPa to 150 MPa).
It was also noted that the 25-day drying shrinkage of mixture containing SFU
(from -0.053% to -0.069%) was generally higher than that of mixture containing MK and
UFA (from -0.037% to -0.065%).
The first-crack flexural strength and post-crack flexural strength of the concrete
mixtures were high, which was evident by noticing that the first-crack flexural strength
ranges from 17 MPa to 21 MPa, and the post-crack flexural strength ranges from 29 MPa
to 42 MPa. There was no clear trend of the effect of SCM on the first-crack flexural
strength and post-crack flexural strength observed in this study, except that highest SFU
content resulted in the lowest post-crack flexural strength of 29 MPa for mixture CSFU3.
Mixtures containing SFU exhibited lower Coulomb values than mixtures
containing MK and UFA, except the mixture using optimal proportion of MK and UFA.
Concrete mixture containing binary blend of UFA and cement exhibited the highest
Coulomb values of all mixtures studied. For concrete mixture containing ternary blend of
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MK, UFA and cement, the increase in the MK content decreased the Coulomb value. The
use of SFU, MK and UFA significantly reduced the Coulomb value relative to the
reinforced portland cement mortar with SMF content of 2%, sand content of s/cm=1.25
(mortar M22 in Table 5.14),. According to the classification described in ASTM C1202,
all the mixtures, except CUFA and CMUF1, could be classified as very low permeable
mixtures. Mixtures CUFA and CMUF1 were classified as low permeable mixtures.
Among the eight concrete mixtures, CSFU1, CSFU2, CSFU3 and CMUF3
exhibited 28-day compressive strength at least 150 MPa, which fell into the category of
UHPC in accordance with the definition proposed by FHWA [4, 7]. However, one of the
shortcomings of mixtures CSFU2 and CSFU3 was that they needed external vibration
during casting. The 28-day compressive strength of mixture CMUF2 was 142 MPa which
was slightly lower than 150MPa. It was noted that mixture CMUF4 exhibited the lowest
25-day drying shrinkage among other mixtures which was -0.037%. The limit on the
drying shrinkage at the age of 28 days (25 days of exposure) of conventional concrete
had been proposed in some standards (i.e. Australian Standard AS 3600) and FHWA
research reports [181]. The limit ranged from 320 micro strains to 750 micro strains
[181]. The 25-day drying shrinkage of the UHPC mixtures presented in Table 5.22
approximately fell into this range of limit. Considering that UHPC has very different
characteristics in the tensile strength and modulus of elasticity compared to the
conventional concrete, future investigation should focus on the drying shrinkage behavior
and the drying shrinkage limit of UHPC.
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5.7.2 Comparison between properties of UHPCs and their parent pastes
By comparing the properties of concrete mixtures with that of the parent pastes,
the role of the sand content and SMF content on the behavior of UHPC was studied. The
properties studied include workability, compressive strength and drying shrinkage. Only
mixtures with sand content of s/cm=1.25 and SMF content of 2% were studied. The ratio
of specific property of concrete mixture to that of paste was calculated and presented in
Table 5.23.
Table 5.23 Comparison of properties between UHPCs and their parent pastes
Concrete/Paste
CSFU1/S2
CSFU3/S3
CUFA/F2
CMUF1/MUF2
CMUF2/MUF3
CMUF3/MUF4
CMUF4/MUFOPT

Flow
0.45
0.46
0.59
0.63
0.60
0.58
0.60

Compressive strength
1-day
1.03
1.29
2.31
1.07
1.12
1.53
1.03

28-day
1.05
1.31
0.95
0.97
0.98
1.01
1.01

25-day drying shrinkage
0.38
0.39
0.36
0.30
0.26
0.33
0.35

As Table 5.23 shows, the impact of sand and SMF on the properties of
cementitious mixture were different in paste containing SFU and paste containing MK
and UFA.
From the perspective of workability, adding sand and SMF in paste resulted in
less reduction in flow for paste containing MK and UFA than for paste containing SFU.
For instance, the flow of mixture CMUF2 was 60% of the flow of its parent paste MUF3.
The flow of mixture CSFU3 was 46% of the flow of its parent paste S3. This might be
related with the gradation of the particles of the component materials of the mixture. In
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presence of sand and SMF, mixture produced from paste containing MK and UFA had
better particles packing than mixture produced from paste containing SFU. Thus, more
water was available to lubricate the particles, and resulted in less reduction in the flow.
Another possible explanation was that in mixture with SFU significant portion of the
water could be bond at the surface of SFU grains as the SFU had high surface area. Thus,
less water was left to lubricate the particles of the component materials, and the flow was
affected accordingly. However, in mixtures with ternary blend of MK, UFA and cement,
the surface area of MK and UFA particles was lower than that of SFU. Thus, more water
was available for lubrication and hence better flow was observed.
From the perspective of compressive strength, adding sand and SMF in paste
resulted in more improvement in 28-day compressive strength for paste containing SFU
than for paste containing MK and UFA. For instance, the 28-day compressive strength of
mixture CMUF2 was 98% of the 28-day compressive strength of its parent paste MUF3.
The 28-day compressive strength of mixture CSFU3 was 131% of the 28-day
compressive strength of its parent paste S3. This is likely that the use of SFU with its
super fine particles and high pozzolanic reactivity improved the bond between sand, SMF
and paste more significantly than the binary use of MK and UFA as SCM.
From the perspective of drying shrinkage, adding sand and SMF in paste resulted
in less reduction in the 25-day drying shrinkage for paste containing SFU than for paste
containing MK and UFA.
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5.8 Effect of Chemical Admixtures on the Properties of UHPC
This section includes the investigations on the influence of a powder form
shrinkage reducing admixture, a liquid form chemical accelerator, a liquid form
shrinkage reducing admixture and a liquid form viscosity modifying admixture on the
workability, setting time, compressive strength and drying shrinkage of mortar. The
combined use of the liquid form chemical accelerator and the liquid form shrinkage
reducing admixture to improve the properties of UHPC was studied. The role of HRWRA
was previously investigated and presented in sessions 5.1 and 5.4.
5.8.1 Influence of chemical admixtures on the properties of paste
The powder form shrinkage reducing admixture was dosed at admixture solid
content-to-cementitious materials (sc/cm) ratio at sc/cm =0.05, liquid form chemical
accelerator was dosed at sc/cm=0.02, liquid form shrinkage reducing admixture was
dosed at 2% by mass of cementitious materials and liquid form viscosity modifying
admixture was dosed at sc/cm=0.001. The water content in the liquid form admixture was
deducted from the mixing water in the mixture. The properties of pastes using different
types of chemical admixtures are presented in Figure 5.58. The properties of control paste
which only has HRWRA as chemical admixture are also presented as the dash line for
reference.
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Control

Control

(a) Workability

(b) 1-day compressive strength

Control

Control

(c) 28-day compressive strength

(d) 25-day drying shrinkage

Figure 5.58 Comparison of pastes using different chemical admixtures

The use of powder form SRA resulted in decrease in the workability by 24%,
compared with the control. It also decreased the 1-day and 28-day compressive strength
by 15% and 14%, respectively. As expected, the use of powder form SRA reduced the
drying shrinkage of the paste by 35%. This was attributed to the expansive hydration
products generated during the MgO hydration.
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The use of VMA resulted in decrease in the workability by 25%, compared with
the control. This was related to the increased viscosity when VMA was used. The use of
VMA also decreased the 1-day and 28-day compressive strength by 24% and 20%,
respectively. The use of VMA showed slight effect in reducing the drying shrinkage of
the paste, specifically by 3%.
The use of accelerator resulted in decrease in the workability by 16%, compared
with the control. Accelerator also increased the 1-day compressive strength by 5%, which
was believed to be the consequence of accelerated hydration of cement. However, it
decreased the 28-day compressive strength by 11%. The use of accelerator slightly
reduced the drying shrinkage of the paste by 3%.
The use of liquid form SRA resulted in slight increase in the workability by 5%,
compared with the control. It significantly decreased the 1-day compressive strength by
91%. The compressive strength caught up at the age of 28 days, which was evident by
noticing that the use of liquid form SRA only resulted in only 2% reduction in the 28-day
compressive strength. The influence of liquid form SRA on the compressive strength of
cementitious pate was similar to what was observed in the UHPC discussed in the
preliminary study (see session 5.2). Moreover, as expected, liquid form SRA reduced the
drying shrinkage of the paste, specifically by 43%. This was attributed to the reduced
capillary stress of the pore solution.
From the consideration of workability, compressive strength and drying shrinkage
of paste, the use of powder form SRA or VMA did not exhibit beneficial effect in
improving the properties of paste, except their effect in reducing the drying shrinkage. It
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was anticipated that the combined use of accelerator and liquid form SRA had strong
potential in improving the properties of UHPC.
A paste mixture containing both accelerator and liquid form SRA were
investigated to understand the performance of combined used of accelerator and liquid
form SRA in paste mixture. This paste mixture was proportioned as follows: w/cm=0.2,
SFU/c=0.2, HRWRA/cm=0.01, accelerator/cm=0.02 and SRA/cm=0.02. The test results
are shown in Figure 5.59. The properties of control paste which only contains HRWRA
as chemical admixture at dosage of 1% by mass of cementitious materials are presented
as the dash lines in Figure 5.59 for reference.
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a. Time of set
Control

Control

b. workability

c. 1-day compressive strength

Control

Control

d. 28-day compressive strength

e. 25-day drying shrinkage

Figure 5.59 properties of paste with combined use of accelerator and liquid form
SRA
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As shown in Figure 5.59, the values of setting time, workability and 1-day
compressive strength of paste containing both accelerator and liquid SRA were in
between that of pastes with use of accelerator or liquid SRA alone. However, the 28-day
compressive strength of paste containing both accelerator and liquid SRA was similar to
that of paste with use of accelerator alone, but lower than that of paste with use of liquid
SRA alone. This indicates that liquid form SRA reduced the compressive strength of
paste at 1 day, regardless of the presence of accelerator. However, the compressive
strength of paste caught up at 28 days in both pastes with and without accelerator. The
25-day drying shrinkage of paste containing both accelerator and liquid SRA was lower
than that of paste with use of accelerator or liquid SRA alone.
The combined use of accelerator and liquid SRA could address the significantly
prolonged setting time, reduced 1-day compressive strength of paste due to the use of
liquid SRA alone, and address the reduced workability of paste due to the use of
accelerator alone. Thus, the combined use of accelerator and liquid form SRA had
potential in further improving the properties of UHPC, compared with that of UHPC
using accelerator or liquid SRA alone.
In the next session, four UHPC mixtures were prepared using liquid form SRA
and accelerator at various combinations. The base UHPC mixture was selected as CSFU1
(see Table 5.22), as it exhibited the highest drying shrinkage than others.
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5.8.2 Properties of UHPC using liquid SRA and accelerator
The properties of the four UHPC mixtures containing SRA and accelerator as
discussed above are shown in Table 5.24. The properties of UHPC without either SRA or
accelerator (UHPC CS0A0) from the previous discussion are also presented for reference.

Table 5.24 Properties of UHPC containing both liquid form SRA and accelerator
UHPC ID *
CS0A0 CS0A2 CS2A0 CS2A1 CS2A2
Workability (%)
106
103
165
138
116
1-day compressive
Average (MPa)
74
81
22
30
51
strength
COV (%)
2.3
0.8
2.2
4.7
4.1
28-day compressive
Average (MPa)
160
158
154
151
146
strength
COV (%)
1.1
4.3
2.9
3.4
8.1
25-day drying shrinkage (%)
-0.069 -0.061 -0.040 -0.034 -0.028
RCP (Coulomb)
176
170
187
172
179
Flexural strength - crack (MPa)
19
18
17
18
17
Flexural strength – post-crack (MPa)
37
35
37
35
32
* UHPC ID CS2A0 indicates UHPC with liquid form SRA dosage at 2% and accelerator
dosage at 0%.

As shown in Table 5.24, compared with UHPC containing no SRA or accelerator
(UHPC CS0A0), the use of accelerator alone at dosage of 2% by mass of cementitious
materials reduced the workability by 3%, and increased the 1-day compressive strength
by 9%. The 28-day compressive strength of UHPC was not changed significantly by the
use of accelerator. The drying shrinkage of UHPC was reduced by 12%, and the charge
passed in the RCP test was reduced by 3%, by the use of accelerator.
Compared with UHPC CS0A0, the use of SRA alone at dosage of 2% by mass of
cementitious materials significantly improved the workability by 56%, and decreased the
1-day compressive strength by 70%. The 28-day compressive strength of UHPC was only
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decreased by 4%. The drying shrinkage of UHPC which was the main reason of using
SRA reduced by 42%. This was in agreement with the findings from the preliminary
study on the influence of liquid SRA on the properties of UHPC (see session 5.2). The
charge passed in the RCP test increased by 6%. The use of either accelerator or liquid
SRA alone did not result in significant difference in the first-crack flexural strength. The
use of liquid SRA alone did not result in significant difference in the post-crack flexural
strength. However, the use of accelerator alone appeared to result in reduction in the postcrack flexural strength slightly.
Compared with UHPC using SRA alone (UHPC CS2A0), UHPC mixtures
containing SRA and accelerator-CS2A1 and CS2A2-exhibited 16% and 30% lower
workability, respectively. The 1-day compressive strength of UHPC mixtures CS2A1 and
CS2A2 was found to be 36% and 132% higher than that of UHPC CS2A0, respectively.
This proved the effectiveness of using accelerator to compensate the significant reduction
in the 1-day compressive strength of UHPC due to the use of SRA alone. With SRA
dosage fixed at 2%, the use of accelerator at dosage of 1% and 2% resulted in slight
decrease in the 28-day compressive strength by 2% and 5%, respectively, and significant
decrease in the drying shrinkage by 15% and 30%, respectively. The charge passed in the
RCP test and the first-crack flexural strength of UHPC were not significantly affected by
the accelerator dosage. However, the increase in the accelerator dosage decreased the
post-crack flexural strength of UHPC. For instance, as the accelerator dosage increased
from 0% to 2% while the SRA dosage was fixed at 2%, the post-crack flexural strength
of UHPC was decreased by 15%. The reduction in the post-crack flexural strength as
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accelerator increased had been observed in UHPC using accelerator alone as well. It is
likely that the use of accelerator resulted in the reduction in the 28-day post-crack
flexural strength undergoing the same mechanism in reducing the 28-day compressive
strength. However, the mechanism was not studied in this investigation.
In summary, UHPC CS2A1 and CS2A2 presented low drying shrinkage and high
1-day compressive strength. This indicated that the properties of UHPC could be
improved by properly proportioned combination of SRA and accelerator. UHPC with low
drying shrinkage and without 1-day compressive strength being significantly being
reduced could be prepared.
5.8.3 Summary of the use of chemical admixtures in UHPC
Powder form SRA and VMA did not exhibit beneficial effect in improving the
properties of paste, except their effect in reducing the drying shrinkage of paste. Liquid
form SRA was effective in reducing the drying shrinkage of paste, but it caused
prolonged setting time and significant reduction in the 1-day compressive strength of
paste. Accelerator improved the 1-day compressive strength, but it caused reduction in
the workability of paste.
The 28-day compressive strength, 28-day first-crack flexural strength and RCP of
UHPC were not affected by the use of accelerator or liquid SRA significantly. However,
the 28-day post-crack flexural strength of UHPC decreased as the accelerator dosage
increased.
The combined use of accelerator and liquid SRA could address the significantly
prolonged setting and reduced 1-day compressive strength of paste due to the use of
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liquid SRA alone, and address the reduced workability of paste due to the use of
accelerator alone.
UHPC with low drying shrinkage and without 1-day compressive strength being
significantly reduced could be prepared.
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5.9 Bond Performance between UHPC and Precast Concrete
This section includes the investigations on the influence of substrate surface
roughness, surface moisture condition, surface cleanliness and curing condition on the
bond performance between UHPC and precast concrete under third point flexural
loading. Two test methods, sand spread test and laser profiling, were used to evaluate the
substrate surface roughness prepared by sandblasting. The influence of different substrate
surface roughening pattern on the bond performance between UHPC and precast concrete
was investigated.
The results are presented in two parts. First, the influence of surface roughness,
surface moisture condition, and surface cleanliness on the bond performance between
UHPC and precast concrete is presented and discussed. Second, the influence of
roughening pattern on the bond performance between UHPC and precast concrete is
presented and discussed. All the flexural bond tests were conducted at the age of 7 days
after casting UHPC. The compressive strength and flexural strength of UHPC were 128.5
MPa and 32.0 MPa, respectively, and the compressive strength and flexural strength of
precast concrete was 49.1 MPa and 6.7 MPa, respectively, when flexural bond tests were
conducted.
5.9.1 Influence of surface roughness
The surface roughness of the substrate precast concrete prepared by sandblasting
of different durations was evaluated by two test methods: sand spread test which gave the
percent increase in the sand spread and laser profiling which gave the value of roughness
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index Sa. The test results are shown in Table 5.25.
Table 5.25 Surface roughness of precast concrete prepared by sandblasting
Original Specimen
surface
ID
RS1
RS2
Sawed
RS3
RS4
RM1
Molded
RM2

Roughening duration (s)

Sand spread (%)

0
10
30
60
0
10

620
510
350
300
610
540

Sa (μm)
Mortar Aggregate
7.0
12.9
25.4
21.4
31.2
20.8
59.9
26.0
11.3
33.1
-

As shown in Table 5.25, the results from the sand spread test showed that the sand
spread value decreased with the increase in the roughening duration, which indicated an
increase in the surface roughness. For sawed surface, the sand spread value of surface
roughened for 10 s, 30 s and 60 s was 18%, 44% and 52% lower than that of surface
without roughening, respectively. For molded surface, the sand spread value of surface
roughened for 10 s was 11% lower than that of surface without roughening. The results
from the laser profiling show that the value of surface roughness index Sa increased with
the increase in the roughening duration for both the mortar fraction and the coarse
aggregate fraction in sawed precast concrete, which indicated an increase in the surface
roughness on these two fractions. It was also noted that the mortar fraction was easier to
roughen than the coarse aggregate fraction. This was evident by noticing that when the
roughening duration increased from 0 s to 60 s, the Sa of the mortar fraction was
increased by 756%, while the Sa of the coarse aggregate fraction was increased by only
102%. The fact that the coarse aggregate used in this study was intrinsically stronger than
the cement mortar was considered the reason. Compared with the sand spread test, laser
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profiling revealed the difference in the roughness of cement mortar and coarse aggregate.
For molded surface, the value of surface roughness Sa was increased by 193% as the
roughening duration increased from 0 s to 10 s.
The influence of surface roughness on the flexural bond behavior between UHPC
CSFU1 (see Table 5.20) and precast concrete is shown in Table 5.26.

Table 5.26 Influence of surface roughness on the bond behavior between UHPC and
precast concrete
Original
surface
Sawed

Molded

Specimen
ID
RS1
RS2
RS3
RS4
RM1
RM2

Roughening
duration (s)
0
10
30
60
0
10

Ultimate
load (kN)
12.2
13.2
13.4
13.1
8.6
13.3

Ultimate
stress (MPa)
6.2
6.7
6.8
6.6
4.4
6.7

Cov
(%)
10.4
3.8
7.4
14.0
11.5
6.9

Failure
mode
Bond
Precast
Precast
Precast
Bond
Precast

As shown in Table 5.26, two failure modes were observed during the test: failure
in precast concrete and failure at the bond/interface (see Figure 5.60). Failure at bond
only occurred when no sandblasting was applied, regardless of sawed surface or molded
surface. The calculated stress when de-bonding happened (de-bonding stress) was lower
than the flexural strength of monolithic precast concrete. It was also noted than the debonding stress based on molded face was weaker than that based on sawed face, as the
former was 29% lower than the latter. However, all the flexural bond specimens with the
surface (either sawed or molded) roughened failed in the precast concrete part. The
calculated stress when failure happened was about the same as the flexural strength of
monolithic precast concrete. It was noted that 10 s of roughening (spread value of 510%
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for sawed surface and 540% for molded surface) was good enough to achieve adequate
bond strength between UHPC and precast concrete.

(a) Failure in precast

(b) Failure at bond-sawed
without sandblasting

(c) Failure at bond-molded
without sandblasting

Figure 5.60 Failure mode of flexural bond test
The improved bond was attributed to the increased bonding area between UHPC
and precast concrete when the interface roughness increased. Figure 5.61 shows the
interface between UHPC and precast concrete under the microscope.

UHPC

a.

RS1
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Precast

UHPC
Precast

b. RS2

UHPC

c.

Precast

RM1
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UHPC

Precast

d. RM2

Figure 5.61 Microstructural of bond between UHPC and precast concrete
As shown in Figure 5.61, for sawed surface without roughening, the interface
between UHPC and precast concrete was indicated by a straight dash line under the
microscope. For molded surface without roughening, the interface between UHPC and
precast concrete was indicated by an almost straight line but with some zigzag shape
under the microscope However, after roughening effort was applied, interface between
UHPC and precast concrete was indicated by a line with significant zigzag shape for both
sawed surface and molded surface under the microscope. The increase in the bonding
area contributed to the resistance to de-bonding.
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5.9.2 Influence of surface moisture condition, cleanliness and curing
condition
The influence of surface moisture condition and cleanliness on the flexural bond
behavior between UHPC CSFU1 (see Table 5.20) and precast concrete are shown in
Table 5.26.

Table 5.26 Influence of surface moisture condition, cleanliness and curing condition
on the bond behavior between UHPC and precast concrete
Original
surface
Molded

Specimen
ID

Roughening
duration (s)

Ultimate
load (kN)

MM1
MM2
CM2
AM1

0
10
10
10

13.7
13.8
11.0
13.2

Ultimate
stress
(MPa)
6.9
7.0
5.6
6.7

Cov
(%)

Failure mode

4.7
5.3
36
3.8

Precast
Precast
Precast+Bond
Precast

As shown in Table 5.26, for specimens with UHPC cast on ambient dry precast
concrete surface, the failure occurred in the precast concrete which indicated adequate
bond between UHPC and precast concrete. The difference in the bond performance based
on the use of SSD precast concrete surface or dry precast concrete surface was not
observed in this study. It has been reported in literature that a saturated substrate concrete
surface helped to generate hydration products and created a high cohesion between
UHPC and substrate concrete, as the moisture from the substrate surface helped the
hydration of the considerable amount of un-hydrated cement in newly cast concrete
mixture with low w/cm [121]. However, when the substrate surface was ambient dry, debonding failure mode would likely occur when the substrate surface was not roughened
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sufficiently [121]. The reason that no de-bonding failure was observed in the present
study was possibly due to the thoroughly roughened substrate surface of precast concrete.
The failure mode of bond specimen with the precast concrete not cleaned after
sandblasting was not either a failure in precast concrete or a failure at bond. It was that
part of the precast concrete de-bonded from UHPC, while part of the precast concrete still
bonded on the UHPC (see Figure 5.62). This was due to the dusty precast concrete
surface in contact with UHPC. The part of the precast concrete surface with less dust
retained exhibited enough bond that precast concrete was still attached on the UHPC
when failure occurred, while the part of the precast concrete surface with a lot of dust
retained exhibited poor bond that de-bonding occurred. It is also shown in Table 5.26 that
the COV of the ultimate load (36%) of specimen with the precast concrete not cleaned
after sandblasting was significant, which was due to the instability of the failure mode.
Thus, it is important to keep the interface of the precast concrete clean to achieve
adequate and stable bond between UHPC and precast concrete.

De-bond

Fail in precast
Figure 5.62 Failure of bond specimen with dusty bond face
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As shown in Table 5.26, for the specimens cured at ambient condition (July 2015
at Clemson, daily temperature range: 71-103 oF; average RH: 61%, and eleven raining
days), the failure load and failure mode were similar to the specimen cured in the
moisture room. The effect of curing condition on the bond performance was not
significant in this study.
5.9.3 Bond performance of different UHPC mixtures
Three concrete mixture CSFU3, CUFA and CMUFA were selected to study their
bond performance on precast concrete, as these three mixtures exhibited relatively low
first-crack flexural strength (see Table 5.22). The interface was cleaned and prepared to
SSD state before casting UHPC. The test results are shown in Table 5.27.
Table 5.27 Bond performance of different UHPC mixtures
Original
surface
Molded

UHPC Roughening Ultimate
ID
duration (s) load (kN)
CSFU3
10
13.4
CUFA
10
13.7
CMUF1
10
12.9

Ultimate
stress (MPa)
6.8
7.0
6.5

Cov (%)

Failure mode

3.7
3.1
7.7

Precast
Precast
Precast

As shown in Table 5.27, all the three concrete mixtures exhibited adequate bond
with the precast concrete, indicated by a failure in the precast concrete. It was anticipated
that all the UHPC developed in the present study (see Table 5.22) had adequate bond
strength on precast concrete, when the substrate surface was roughened for 10 s, cleaned
and prepared to SSD state before casting UHPC.
5.9.4 Influence of roughening pattern
Three surface roughening pattern-whole surface roughened, half surface
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roughened and quarter surface roughened-are shown in Figure 5.63. This test was based
on molded face of precast concrete. For the whole surface roughened pattern, the surface
of precast concrete was roughened for 10 s. For the half surface roughened pattern, the
surface of precast concrete was roughened for 5 s. For the quarter surface roughened
pattern, the surface of precast concrete was roughened for 2.5 s. UHPC CSFU1 (see Table
5.20) was used for casting.

Roughened
Roughened
Roughened
(a) Whole surface roughened

(b) Half surface roughened

(c) Quarter surface
roughened

Figure 5.63 Different surface roughening pattern

The test results are shown in Table 5.28.
Table 5.28 Influence of surface roughness on the bond behavior between UHPC and
precast concrete
Roughening
pattern
Whole
Half
Quarter

Ultimate load
(kN)
13.3
13.0
12.8

Ultimate stress
(MPa)
6.7
6.8
6.5

Cov
(%)
6.9
4.2
2.8

Failure
mode
Precast
Precast
Precast

As shown in Table 5.28, all the three surface roughening patterns resulted in a
failure in the precast concrete. This indicated that as long as the tension zone of the
bonding interface was sufficiently roughened, a good bond between UHPC and precast
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concrete could be achieved. In construction practice, partly roughening method would
reduce the cost of substrate surface preparation, compared with method roughening the
entire substrate surface.
5.9.5 Summary of the bond strength between UHPC and precast concrete
Compared with previous bond test using the slant shear test and pull-off test, third
point flexural bond test was an easy test to be used to investigate the bond behavior
between UHPC and precast concrete. It was also a reliable test method as the results were
consistent.
The increase in the sandblasting duration resulted in the increase in the roughness
of the surface which could be quantified by sand spread test and laser profiling.
For specimens with the full substrate face (originally sawed or molded)
roughened, saturated and cleaned before applying UHPC, the failure occurred in the
precast concrete at the age of 7 days after casting UHPC. The ultimate load of those
specimens was about the same as the ultimate load of monolithic precast concrete
specimen. This indicated that sandblasting was effective to achieve adequate bond
behavior between UHPC and precast concrete even with 10 seconds of roughening. A
roughening duration of 10 seconds resulted in a sand spread value of 510% for sawed
surface and a sand spread value of 540% for molded surface. The surface roughness of
surface with a roughening duration of 10 seconds was also evaluate by laser profiling.
For molded surface, the roughness index Sa was 33.1 μm, and for sawed surface, the
roughness index Sa was 25.4 μm and 21.4 μm for mortar fraction and coarse aggregate
fraction, respectively. Flexural bond specimens with no surface roughened failed at the
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bond between UHPC and precast concrete, with a bond strength of 6.2 MPa for sawed
face and a bond strength of 4.4 MPa for molded face at the age of 7 days. The ultimate
load of those specimens was lower than that of monolithic precast concrete specimen.
This indicated that the bond strength based on an un-roughened molded face of precast
concrete was weaker than that based on an un-roughened sawed face of precast concrete.
For specimens with the whole interface roughened, ambient dried and cleaned
before casting UHPC, the failure occurred in the precast concrete at the age of 7 days.
The difference in the bond performance on SSD precast concrete surface and on dry
precast concrete surface was not observed in this study.
For specimens with whole interface roughened, ambient dried and not cleaned
before casting UHPC, the failure occurred in a manner that part of the interface debonded and part of the interface still had precast concrete bonded with UHPC. The
variance of the ultimate load was large. It was recommend that the interface should be
cleaned to achieve adequate and stable bond between UHPC and precast concrete.
The effect of ambient curing condition on the bond performance was not
significant in this study, as the ambient cured specimens failed in the precast concrete.
Partly roughened interface in the tension zone was able to achieve adequate bond
between UHPC and precast concrete. This method would greatly save the economic cost
of the substrate surface preparation.
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CHAPTER
6 CONCLUSIONS
This chapter presents the conclusions from this study. Based on the materials,
proportions and test methods used in this study, the following conclusions are drawn:

1) The preliminary study on developing UHPC indicated that:



UHPC meeting the requirements of FHWA can be produced using locally
available materials in South Carolina. Based on the limited set of materials
evaluated in this study, it was observed that a Type III portland cement meeting
ASTM C150 specification was suitable to produce UHPC with high workability,
28-day compressive strength exceeding 150 MPa, low drying shrinkage, enhanced
durability, and reasonable cost at a very low w/cm of 0.20.



Based on the comparison of eight types of HRWRA, a powder form
polycarboxylic ester based HRWRA (such as BASF Melflux® 4930F) was
appropriate to produce highly workable fresh UHPC mixture.



Natural sand with gradation meeting ASTM C33 specification could be used to
produce UHPC mixture.



The use of SFU significantly improved the 28-day compressive strength and
reduced the chloride ion permeability of UHPC. SFU should be considered as an
essential component in the UHPC formulation.



SFL was widely used in the past studies of producing UHPC at elevated
temperature curing. However, in this study applying ambient temperature curing,
the use of SFL did not show significant effects in improving the properties of
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UHPC, except that it improved the 1-day compressive strength. Thus, SFL was
determined to be not an essential component material required for the UHPC
formulation.


Based on the comparison of the influence of SMF and PVAMF content on the
properties of UHPC, SMF were preferred than PVAMF to produce UHPC, as the
use of SMF improved the compressive strength and post-crack tensile strength of
UHPC.



Liquid SRA was effective in reducing the drying shrinkage of UHPC. However,
liquid SRA significantly reduced the 1-day compressive strength of UHPC.



UHPC exhibited adequate bond strength with precast concrete as observed in the
three bond test methods: slant shear test, pull-off test and third point flexural test.
Third point flexural test was a reliable and convenient way of investigating the
bond between UHPC and precast concrete.

2) The studies on the effect of alkali content of cement on the properties of mortar

suggested that:


The alkali content of cement was found to have an effect on the hydration process
of cement and the workability of fresh cementitious mortar. In this study, the
alkali content was simulated by adding external alkali which might imbalance
gypsum content for proper setting behavior. A threshold alkali content of 0.70%
Na2Oeq was found, below which no significant change in the workability of
mortars was observed. When the alkali content of cement was higher than 0.70%
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Na2Oeq, the workability of mortars significantly decreased with the increase in
alkali content. The addition of FA increased the workability due to the ballbearing effect, especially at high alkali content of cement. This conclusion should
be considered in the content of simulated high alkali cement.


For mortars without FA, the shortest time of initial setting was observed at alkali
content of 0.70% Na2Oeq. However, the time of final setting showed a gradual
increase with an increase in the alkali content of cement. The use of FA prolonged
both the initial and final time of setting.



There was a threshold alkali content of 0.70% Na2Oeq for mortar without FA.
When the alkali content was less than 0.70% Na2Oeq, the compressive strength of
mortars was not significantly affected by the increase in the alkali content. When
the alkali content was more than 0.70% Na2Oeq, the compressive strength of
mortars significantly decreased with increasing alkali content. The effect of alkali
content on the compressive strength of mortar existed even in the presence of FA.
The lower strength of alkali-containing C-S-H gel and poor compactibility of
mortar as alkali content increased were considered to be the reasons of the
decreased compressive strength of mortar.



The increase in the alkali content increased the drying shrinkage of mortar,
regardless of presence or absence of FA.



For mortars without FA, the rapid chloride ion permeability increased as the alkali
content of cement gradually increased from 0.49% to 0.88% Na2Oeq. For mortars
with FA, the effect of alkali content on the chloride ion permeability was not
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evident.


The increase in the alkali content resulted in an increase in the volume of
permeable voids, which contributed to the decreased compressive strength,
increased drying shrinkage and decreased resistance to chloride ion penetration of
mortar.



The ASR induced expansion in mortar specimens increased with the alkali content
of cement. The higher the alkali content of cement used in the mortar mixture, the
earlier the occurrence of a rapid increase in ASR induced expansion. FA was
effective in depressing ASR induced expansion even at high alkali content (i.e.
0.88% Na2Oeq).



The loss in the flexural strength of mortar due to ASR distress was observed as
the alkali content of cement increased, regardless of presence or absence of FA.
However, when FA was used the loss in the flexural strength was not significant.

3) The studies on the effect of sand content on the properties of mortar suggested

that:


Increasing HRWRA dosage or decreasing sand content improved the workability
of mortar. However, HRWRA exceeding saturation dosage (i.e. 1% in this study)
did not increase the workability further.



The workability of mortar became less sensitive to the changes in the sand content
when the SFU content increased, which was revealed by the index Rs/cm.



The compressive strength of self-consolidating mortar was not significantly
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influenced by the sand content up to a maximum sand content, depending on the
dosage of SFU and HRWRA. In this study, with HRWRA at saturation dosage
(1%), the maximum sand content for self-consolidating mortar without SFU was
able to go up to s/cm=1.6, and the maximum sand content for self-consolidating
mortar with SFU content at 10% and 20% was able to go up to s/cm=1.6 and
s/cm=2, respectively.


Decrease in the chloride permeability and drying shrinkage of mortar were
observed as the sand content increased, which was attributed to the reduced
volume of paste.

4) The studies on the effect of supplementary cementitious materials including silica

fume, fly ash and meta-kaolin on the properties of paste suggested that:


The time of conversion from dry mixture to fluid mixture was found to increase
with increasing dosage level of MK or SFU in the paste formulation when MK or
SFU was used alone as SCM. The use of UFA or FA alone as SCM in paste did
not significantly affect the time of conversion.



The workability of paste, as measured by flow, decreased with the increase in the
MK content or SFU content of the paste when MK or SFU was used alone as
SCM. The use of UFA or FA alone as SCM in paste did not significantly affect the
workability of paste.



The use of SFU alone as SCM resulted in a decrease in the autogenous shrinkage
of paste. However, the use of MK alone as SCM resulted in an increase in the
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autogenous shrinkage of paste. The use of UFA alone as SCM did not have
significant effect on the autogenous shrinkage of paste.


The 1-day compressive strength of paste slightly decreased with the increase in
the SFU content. The increase in the MK content resulted in significant increase
in the 1-day compressive strength of paste, which was attributed to the improved
early age hydration of cement in the presence of MK. The increase in the UFA or
FA content resulted in significant decrease in the 1-day compressive strength of
paste, which was attributed to the dominance of dilution effect of UFA or FA and
the relative dormancy of UFA or FA in terms of its pozzolanic reactivity at early
ages.



Among all the paste mixtures investigated, the highest 28-day compressive
strength of 152 MPa was achieved by using SFU at an optimal content of
SCM/c=0.2. The dense packing of the component materials in paste due to the
micro filler effect and pozzolanic effect of SFU were considered the reasons. The
increase in the MK content had no significant effect on the 28-day compressive
strength of paste. However, the increase in the UFA or FA content up to
SCM/c=0.2 resulted in an increase in the 28-day compressive strength of paste,
which was attributed to the later-age pozzolanic effect of UFA or FA, as more
Ca(OH)2 was produced at later ages.



The drying shrinkage of paste increased with the increase in the SFU content or
the FA content when SFU or UFA/FA was used alone as SCM. However, the
increase in the MK content significantly reduced the drying shrinkage of paste
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when MK was used alone as SCM.


The combined use of MK and UFA/FA as SCM in paste could address the
reduction in the 1-day compressive strength and increase in the drying shrinkage
due to the use of FA alone as SCM in the paste, and also address the reduction in
the workability and increase in the mixing time due to the use of MK alone as
SCM in the paste.



Proportions of MK and UFA/FA that improved the early age cement hydration
increased the 1-day compressive strength of paste; however, the 28-day
compressive strength of paste did not follow significant correlation with the
degree of cement hydration. Moreover, proportions of MK and UFA/FA that
reduced the volume of permeable voids of hardened paste resulted in decrease in
the drying shrinkage of paste as a dense microstructure of paste reduced the loss
of moisture from within the hardened paste into the external environment.



At equivalent SCM contents, particularly high SCM content in the range of 30 to
40% by mass of cement, the combined use of MK and UFA/FA in a ternary blend
could produce paste with performance as well as or even better than the use of
SFU alone as SCM, from the consideration of workability, compressive strength
and drying shrinkage behavior of paste.



The workability, 1-day compressive strength, 28-day compressive strength and
25-day drying shrinkage of paste containing MK and UFA could be predicted and
optimized following a multi-goal optimization process (desirability functions).
The optimal MK content and UFA content were determined to be MK/c=13.6%

297

and UFA/c=11.6%, respectively, at which a balance among workability,
compressive strength, drying shrinkage and High SCM content was achieved.

5) The studies on the combined effect of sand and SMF on the properties of mortar

suggested that:


With SMF content up to VSMF/VT=0.03, a minimum sand content at s/cm=1.25
was required to prevent severe segregation of SMF.



The increase in the sand content or SMF content resulted in a decrease in the
workability of mortar.



The increase in the sand content or SMF content did not result in noticeable
changes in the 1-day compressive strength of mortar. The influence of sand
content on the 28-day compressive strength of mortar was not significant. The
increase in the SMF content caused a slight increase in the 28-day compressive
strength of mortar.



The increase in the sand content or SMF content did not result in noticeable
changes in the 28-day first-crack flexural strength of mortar. However, the
increase in the SMF content caused a slight increase in the 28-day post-crack
flexural strength of mortar. This was attributed to the fact that SMF were effective
in improving the flexural strength of mortar only after crack occurred.



The increase in the sand content or increase in the SMF content resulted in a
decrease in the drying shrinkage at the period of exposure at 25 days. The reduced

298

volume of cement paste and restrained shrinking of cement pastes by sand
particles and SMF were considered the reasons.


The increase in the sand content or decrease in the SMF content resulted in an
increase in the bulk electrical resistivity of mortar. This was due to the facts that
sand was less conductive than cement paste, and SMF is more conductive than
cement paste. Bulk electrical resistivity test on hardened mortar could be used to
identify the severe segregation of SMF.



In a well compacted high strength mortar, the main effect of increasing sand
content or SMF content was to reduce the volume of cement paste, which was
beneficial in reducing the chloride ion permeability of mortar. The cement paste at
the vicinity of sand particles and SMF was not visually different from the paste
farther away, which indicated insignificant interfacial transition zone (ITZ) for
high strength mortar. A strong correlation between RCP test results and the
resistance of the specimens was observed. If the chloride ion permeability of SMF
reinforced mortar was evaluated with RCP method, significant Joule’s effect
would falsely indicate increased chloride ion permeability as the SMF content
increased.



The workability, 28-day compressive strength, flexural strength, and 25-day
drying shrinkage of mortar could be well predicted simply based on the sand
content by volume and SMF content by volume.
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6) The studies on the development of UHPC using different blends of SCMs

indicated that:


Several UHPC mixtures with 28-day compressive strength higher than 150 MPa
were prepared.



The workability of UHPC mixture containing SFU was generally lower than that
of mixture containing MK and UFA. The 1-day and 28-day compressive strength
and 25-day drying shrinkage of UHPC mixture containing SFU was generally
higher than that of mixture containing MK and UFA.



The first-crack flexural strength and post-crack flexural strength of the UHPC
mixtures were high. The first-crack flexural strength of the UHPC mixtures
ranged from 17 MPa to 21 MPa, and the post-crack flexural strength of the UHPC
mixtures ranged from 29 MPa to 42 MPa.



UHPC mixtures containing SFU exhibited lower charge passed that mixtures
containing MK and UFA. Likely, SFU was more effective in decreasing the
chloride permeability of the hardened mixture than MK or UFA. According to the
classification described in ASTM C1202, all the mixtures, except CUFA and
CMUF1, were classified as very low permeable mixtures. Mixtures CUFA and
CMUF1 were classified as low permeable mixtures.



The use of SMF significantly improved the 28-day compressive strength of
UHPC containing SFU, but not significant in UHPC containing MK and UFA. It
appeared that SFU improved the bond between SMF and paste better than MK or
UFA.
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7)

The studies on the effect of four types of chemical admixtures (powder

SRA, liquid VMA, liquid SRA and liquid accelerator) on the properties of UHPC and
indicated that:


Powder form SRA and VMA did not exhibit beneficial effects in improving the
properties of paste, except their effect in reducing the drying shrinkage. Liquid
form SRA was effective in reducing the drying shrinkage of paste, but it caused
prolonged setting time and significant reduction in the 1-day compressive strength.
Accelerator improved the 1-day compressive strength, but it caused a reduction in
the workability of paste.



The 28-day compressive strength, 28-day first-crack flexural strength and RCP of
UHPC were not affected by the use of accelerator or liquid SRA significantly.
However, the 28-day post-crack flexural strength of UHPC was observed to
decrease as the accelerator dosage increased



The combined use of accelerator and liquid SRA could compensate the
significantly prolonged setting, reduced 1-day compressive strength of paste due
to the use of liquid SRA, and compensate the reduced workability of paste due to
the use of accelerator.



UHPC with low drying shrinkage and without 1-day compressive strength being
significantly reduced was possible by combined use of liquid SRA and accelerator.

8)

The studies on the bond performance between UHPC and precast concrete

indicated that:
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Compared with previous bond test using the slant shear test and pull-off test, third
point flexural bond test was an easy test to be used to investigate the bond
behavior between UHPC and precast concrete. It was also a reliable test method
as the results were consistent.



The increase in the sandblasting duration resulted in an increase in the roughness
of the surface, which could be quantified by both sand spread test and laser
profiling.



Adequate bond behavior between UHPC and precast concrete was achieved with
the substrate surface roughened, saturated and cleaned before applying UHPC.
Roughening duration as low as 10 seconds on the substrate surface (originally
sawed or molded) was long enough to achieve a surface roughness for adequate
bond between UHPC and precast concrete. The flexural bond specimens with no
surface roughened failed at the bond between UHPC and precast concrete. The
bond strength based on an un-roughened molded face of precast concrete was
weaker than that based on an un-roughened sawed face of precast concrete.



The difference in the bond performance on saturated surface dry precast concrete
surface and on ambient dry precast concrete surface was not observed in this
study.



The substrate surface should be cleaned to achieve adequate and stable bond
between UHPC and precast concrete, as specimens with the substrate surface
roughened, ambient dried and not cleaned before applying UHPC failed in a
manner that involved part of the substrate surface de-bonded and part of the
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interface still had precast concrete bonded with UHPC. The variance of the
ultimate load was large.


The effect of the ambient curing condition on the bond performance was not
significant in this study, as the ambient cured specimens failed in the precast
concrete.



Partly roughened interface in the tension zone was found to be adequate to
achieve desirable bond between UHPC and precast concrete. This method would
greatly save the economic cost of the substrate surface preparation.

In general, UHPC mixtures with desired material and structural properties could
be produced using locally available materials. The difficulties of producing UHPC were
recognized by noticing that the characteristics of raw materials and their proportions had
significant influence on the material properties of UHPC mixture. Moreover, the
characteristics of the substrate surface condition had critical influence on the bond
performance between UHPC and precast concrete which is important for UHPC’s
successful application in shear keys of precast bridges. Thus, a guidance on the raw
materials’ selection and proportioning of UHPC mixtures and a guidance on the substrate
surface preparation to guarantee the adequate bond between UHPC and precast concrete
are provided in this dissertation (Appendix A). These guidelines should be followed in
order to prepare a quality UHPC mixture and successfully apply UHPC in structural
applications.
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APPENDIX A: GUIDANCE ON RAW MATERIALS’ SELECTION AND
PROPORTIONING OF UHPC MIXTURES FOR APPLICATION IN SHEAR KEYS

This appendix provides guidance on materials’ selection and proportioning of
UHPC mixtures for the application in shear keys in precast bridge construction, based on
the research conducted in this study, as well as findings from literature review.
A.1 Guidance on Selecting Raw Materials for Producing UHPC
A.1.1 Cementitious materials
A.1.1.1 Portland cement
Research reported in previous literature had used Type I/II and III cement meeting
ASTM C150 specification requirements to produce UHPC [7]. A combined C2S + C3S
composition greater than 65% in cement was recommended for developing UHPC [7, 8],
and C3A content of less than 8% by mass of cement had been found to have limited
impact on the workability of fresh concrete [13]. It was recommended that Type I/II
cement performed better than Type III cement in developing UHPC from a consideration
of 28-day compressive strength [7]. However, for applications where high early age
strength of UHPC was required, such as accelerated precast bridge construction, Type III
portland cement should be used to produce UHPC.
The results in this study showed that the alkali content of cement had significant
influence on the workability, setting time, compressive strength, drying shrinkage and
ASR expansion of UHPC. To limit the detrimental influence of increasing alkali content
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of cement on the fresh and hardened state properties of UHPC, the alkali content of the
Type III portland cement should be less than 0.7% Na2Oeq.
A.1.1.2 Supplementary cementitious materials (SCM)
Based on the research reported in previous literature and the results shown in this
study, un-densified low carbon content silica fume was the most effective SCM among
fly ash and meta-kaolin in improving the mechanical and durability of UHPC due to its
micro filler effect and high pozzolanic reactivity [7]. Un-densified low carbon content
silica fume should be used in the formulation to achieve the desired properties of UHPC.
If the un-densified low carbon content silica fume is not available, the combined
used of ultrafine class F fly ash and meta-kaolin as SCM is recommended. This is based
on the results in this study that combined use of ultrafine class F fly ash and meta-kaolin
addressed the reduction in the 1-day compressive strength and increase in the drying
shrinkage due to the use of ultrafine class F fly ash alone as SCM, and addressed the
reduction in the workability and increase in mixing time due to the use of meta-kaolin
alone as SCM. It should be noted that under the same mixture proportions the paste
fraction of UHPC using ultrafine class F fly ash had about 5% higher 28-day compressive
strength than the paste fraction of UHPC using regular particle size class F fly ash. This
is the reason that ultrafine class F fly ash is preferred than regular particle size class F fly
ash in the UHPC formulation.
A.1.2 Chemical admixtures
In this study, a poly-carboxylate ester/ether-based HRWRA such as BASF
Melflux® 4930F was found to be adequate to produce highly workable fresh UHPC
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mixture, maintain high workability for at least two hours, and cause no false setting of
UHPC. A liquid form shrinkage reducing admixture (SRA) such as BASF Masterlife®
SRA20 was found to be adequate to reduce both the autogenous shrinkage and drying
shrinkage of UHPC. If the UHPC material is required to have high early age strength, the
liquid form SRA should be used together with a chemical accelerator, such as Chryso
Turbocast® 650A.
A.1.3 Fine aggregate
Fine aggregate replaces the volume of paste, reduces the economic cost, and
prevents the severe segregation of steel micro-fibers in fresh UHPC mixture. A natural
siliceous sand meeting ASTM C33 specification requirements is suitable to be the fine
aggregate used in UHPC materials. The gradation of the natural sand does not have
significant effect on the properties of UHPC, as long as the gradation meets the ASTM
C33 specification requirements. Chemically reactive sand is not recommended
considering the potential ASR distress in the UHPC mixture.
A.1.4 Reinforcing fibers
Reinforcing fibers should be used to improve the compressive strength and postcrack tensile strength of UHPC. Steel micro-fibers (SMF) are preferred than Polyvinyl
Alcohol micro-fibers (PVAMF), from the considerations of workability, compressive
strength and drying shrinkage of UHPC. The SMF used in this study were straight fibers
with length of 13 mm and diameter of 0.20 mm.
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A.2 Guidance on Mixture Proportions for Producing UHPC
A.2.1 Water-to-cementitious materials ratio
A low water-to-cementitious materials (w/cm) ratio is critical to achieve the
desired properties of UHPC. Based on the results in this study using w/cm at 0.20, 0.225
and 0.25, a w/cm by mass at maximum of 0.20 should be used to achieve the required
mechanical properties and durability of UHPC.
A.2.2 HRWRA dosage
The saturation dosage of HRWRA should be determined based on the component
materials and proportions used for developing UHPC. In this study, the saturation dosage
of HRWRA is 1% by mass of the cementitious materials. HRWRA is recommended to be
dosed at the saturation dosage in the mixture proportion, from the consideration of
achieving good workability of fresh mixture and incorporating the maximum fine
aggregate/sand content in the UHPC mixture. HRWRA dosage higher than the saturation
dosage does not achieve a further increase in the workability.
A.2.3 Supplementary cementitious materials content
Supplementary cementitious materials (SCM) content is expressed as the SCMto-cement (SCM/c) ratio by mass.
If un-densified low carbon content silica fume (SFU) is available, it is
recommended to be dosed at SFU/c=20% to achieve superior mechanical properties and
durability of UHPC.
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If the un-densified low carbon content silica fume is not available, it is
recommended to use the ternary blend of meta-kaolin (MK), ultrafine class F fly ash
(UFA) and cement. Two proportions of MK and UFA are recommended as follows: first,
MK/c=5% and UFA/c=25% to achieve high 28-day compressive strength of the paste
fraction of UHPC; second, MK/c=13.6% and UFA/c=11.6% to achieve a balance among
the workability, 1-day compressive strength, 28-day compressive strength, 25-day drying
shrinkage and high SCM content of the paste fraction of UHPC.
A.2.4 Steel micro-fibers content
Steel micro-fibers (SMF) content is expressed as the volume ratio of SMF to the
total mixture.
The SMF content is recommended to be at 2% by volume of the total mixture.
Lower SMF content than 2% does not have significant effect in improving the
compressive strength of UHPC. Higher SMF content than 2% significantly decreases the
workability and increases the economic cost of UHPC.
A.2.5 Fine aggregate/sand content
Sand content is expressed as the sand-cementitious materials (s/cm) ratio by mass.
In mortar mixtures where SMF are not included, the sand content should be
maximized based on the considerations of maintaining self-consolidating consistency,
limiting the loss in compressive strength, reducing drying shrinkage and decreasing the
economic cost of mortar. Based on this study, with HRWRA dosed at saturation dosage
(1%), the maximum sand content for self-consolidating mortar without SFU was able to
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go up to s/cm=1.6, and the maximum sand content for self-consolidating mortar with
SFU content at 10% and 20% was able to go up to s/cm=1.6 and s/cm=2, respectively.
In UHPC mixtures where SMF are included, a minimum sand content is required
to prevent the severe segregation of SMF. Based on this study, with HRWRA at
saturation dosage (1%), a minimum sand content of s/cm=1.25 was required to prevent
severe segregation of SMF dosed from 1% to 3% by volume of the total UHPC mixture.
If the sand content is used at s/cm=1.6 by mass, and the SMF content is at 2% by volume,
external vibration is required during casting fresh UHPC. Thus, sand content higher than
s/cm=1.6 is not recommended.
A.2.6 Shrinkage reducing admixtures and chemical accelerators contents
The shrinkage reducing admixture (SRA) and chemical accelerator are dosed
based on the mass of cementitious materials in UHPC.
SRA content at 2% by mass of cementitious materials is recommended to reduce
the autogenous shrinkage and drying shrinkage of UHPC efficiently. If the UHPC is
required to have high early age strength, SRA content at 2% and chemical accelerator
content at 2% by mass of cementitious materials should be used together. Mixing water
in the UHPC is recommended to be adjusted considering the water presented in the SRA
and chemical accelerator.
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A.3 Guidance on surface preparation of the substrate precast concrete
The surface of the substrate precast concrete should be well prepared to achieve
adequate bond between UHPC and precast concrete. The preparation steps include
surface roughening, surface cleaning and surface saturating. Surface roughening is more
critical than other steps.
The substrate surface should be well roughened, cleaned and water-saturated.
Based on this study, 10 seconds of sandblasting on a 56 cm2 substrate surface was good
enough to achieve adequate bond. The surface roughness thus prepared was evaluated by
a sand spread value ranging from 510% to 540%, and by a laser profiling roughness
index Sa ranging from 21.4 μm to 33.1 μm. After sandblasting, the surface should be
cleaned. Compressed air nozzle cleaning was proved to be effective. After cleaning, the
surface should be prepared to a saturated surface dry condition before casting UHPC.
It is also recommended that partly roughened surface by sandblasting in the
tension zone is eligible to achieve adequate bond between UHPC and precast concrete.
This method greatly saves the economic cost of the substrate preparation. Based on this
study, a quarter of the depth of the section (half of the depth in tension) prepared
following the procedures described above was good enough to achieve an adequate bond
between UHPC and precast concrete.
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APPENDIX B: EXPERIMENTAL DATA
This appendix includes the experimental data presented in chapter 5.
Table B.1 Influence of liquid form HRWRA -flow and compressive strength data for
Figures 5.1a and 5.1c
HRWRA
Flow
Flow 3-day compressive strength
HRWRA
ID
%
inch
%
MPa
SP1
0.0
4.00
0
78
0.3
4.00
0
0.5
4.00
0
0.8
5.88
47
1.3
7.50
88
SP2
0.0
4.00
0
92
0.2
4.00
0
0.3
4.50
13
0.5
5.50
38
0.6
7.25
81
0.8
10.00
150
SP3
0.0
4.00
0
70
0.2
4.00
0
0.4
4.00
0
0.6
4.00
0
0.7
4.50
13
0.8
5.00
25
1.0
5.83
46
SP4
0.0
4.00
0
0.5
4.00
0
0.6
5.00
25
0.8
7.37
84
0.9
7.92
98
1.2
8.29
107
SP5
0.0
4.00
0
90
0.2
5.83
46
0.4
7.75
94
0.6
10.00
150
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Table B.2 Comparison of liquid form HRWRAs and powder form HRWRAs - flow and
compressive strength data for Figures 5.1b and 5.1d
HRWRA ID Flow (%) 3-day compressive strength (MPa)
SP6
29
78
SP7
25
60
SP8
84
78
SP5
54
78
Table B.3 Comparison of natural siliceous sand and Ottawa sand -flow data for Figure
5.2a
Flow
Mixture Superplasticizer dosage Flow
ID
%
inch
%
0.0
4.00
0
0.2
4.00
0
0.4
5.13
28
0.6
7.83
96
NS natural
0.8
10.00
150
0.0
4.00
0
0.2
4.00
0
0.4
5.54
39
0.6
6.04
51
0.8
7.46
86
NS2
1.0
10.00
150
0.0
4.00
0
0.2
4.00
0
0.4
5.64
41
0.6
6.92
73
NS1
0.9
10.00
150
0.0
4.00
0
0.2
6.50
63
0.4
9.50
138
OS1
0.5
10.00
150
0.0
4.00
0
0.2
5.83
46
0.4
7.75
94
OS2
0.6
10.00
150
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Table B.4 Comparison of natural siliceous sand and Ottawa sand –compressive strength
data for Figure 5.2b
Mixture ID 3-day compressive strength (MPa) 28-day compressive strength (MPa)
NS natural
67
82
NS 2
72
90
NS 1
61
82
OS 2
85
100
OS 1
61
89
Table B.5 Influence of gradation of natural siliceous sand -flow and compressive strength
data for Figures 5.3a and 5.3b
Mixture ID
Flow (%)
28-day compressive strength (MPa)
NS Coarse
169
111
NS Natural
163
109
NS Fine
150
106
Table B.6 Influence of gradation of natural siliceous sand –drying shrinkage data for
Figure 5.3c (Unit: %)
Period of exposure(days)
Mixture ID
0

1

4

11

18

25

56

87

117

147

177

NS Coarse

0

-0.0137

-0.0267

-0.0363

-0.0410

-0.0433

-0.0520

-0.0537

-0.0550

-0.0547

-0.0550

NS Natural

0

-0.0245

-0.0345

-0.0415

-0.0445

-0.0475

-0.0495

-0.0520

-0.0520

-0.0520

-0.0525

NS Fine

0

-0.0127

-0.0260

-0.0350

-0.0400

-0.0413

-0.0497

-0.0507

-0.0537

-0.0543

-0.0540

Table B.7 Influence of SFU and SFL - compressive strength data for Figure 5.4
1-day compressive strength
28-day compressive strength
Mixture ID
(MPa)
(MPa)
C-0.225
45
85
SFU-10%
43
99
(SFL1-0%)
SFU-20%
47
101
SFU-30%
43
95
SFL1-10%
44
102
SFL1-20%
53
97
SFL1-30%
61
90
SFL2-20%
51
83
SFL3-20%
43
80
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Table B.8 Influence of SFU and SFL - TGA and LOI data for Figure 5.5
Mixture ID Ca(OH)2 (%) Bound water (%)
1-day 28-day 1-day 28-day
SFL1-0% 1.03
2.72
6.56
9.85
SFL1-10% 1.01
2.70
6.97
9.73
SFL1-30% 1.71
2.05
7.24
9.47
Table B.9 Comparison of SMF and PVAMF - flow and compressive strength data for
Figure 5.11
Compressive strength (MPa)
Mixture ID Flow(%)
1-day
7-day
28-day
Control
216.9
81
106
125
1% PVA
175.0
73
102
112
2% PVA
87.5
67
98
104
1% SMF
193.8
73
115
125
2% SMF
178.1
68
118
132
Table B.10 Comparison of SMF and PVAMF - drying shrinkage data for Figure 5.11c
(Unit: %)
Period of exposure(days)
Mixture ID
0
1
4
11
18
25
Control
0.0000 -0.0260 -0.0453 -0.0553 -0.0580 -0.0630
1% PVA 0.0000 -0.0260 -0.0386 -0.0486 -0.0549 -0.0573
2% PVA 0.0000 -0.0243 -0.0370 -0.0493 -0.0563 -0.0569
1% SMF 0.0000 -0.0230 -0.0427 -0.0510 -0.0570 -0.0613
2% SMF 0.0000 -0.0270 -0.0343 -0.0440 -0.0507 -0.0530
Table B.11 Preliminary development of UHPC – compressive strength, tensile strength,
flexural strength, MOE and RCP data for Figures from 5.12 to 5.15
Compressive strength (MPa)

Mixtur
e ID
C

1-day

3-day

7-day

28-day

Splitting tensile
strength (MPa)

Flexural
strength (MPa)

MOE
(MPa)

RCP
(Coulomb)

79.0

82.7

90.4

104.4

7.9

14.1

49079.8

571.7

SU2

46.0

82.1

87.5

123.5

8.9

13.9

53468.5

63.7

SU2F

109.7

124.3

127.7

158.3

19.0

32.1

52455.0

961.0

SU2S

57.5

102.2

123.6

158.7

19.2

25.5

50119.9

193.0
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Table B.12 Preliminary development of UHPC – drying shrinkage data for Figure 5.16
(Unit: %)
Mixture ID

Period of exposure(days)
0

1

4

11

18

25

56

87

117

147

177

C

0

-0.028

-0.048

-0.061

-0.068

-0.076

-0.085

-0.085

-0.086

-0.090

-0.093

SU2

0

-0.020

-0.032

-0.044

-0.045

-0.051

-0.061

-0.068

-0.073

-0.070

-0.071

SU2F

0

-0.017

-0.027

-0.032

-0.042

-0.043

-0.048

-0.062

-0.063

-0.063

-0.063

SU2S

0

-0.017

-0.026

-0.029

-0.030

-0.036

-0.045

-0.054

-0.054

-0.058

-0.056

Table B.13 Influence of alkali content- flow, setting time and compressive strength data
for Figures 5.19 and 5.20
Flow Initial set Final set
7-day compressive
28-day compressive
HPCM
(%)
(min)
(min)
strength (MPa)
strength (MPa)
C
175.0
284
398
103
110
A1
181.3
247
430
105
110
A2
193.8
219
453
98
103
A3
100.0
262
460
79
87
A4
50.0
290
543
74
78
CF
200.0
359
460
95
100
A4F
175.0
413
525
63
72
A3a
-162.5
-95
98
A4a
-156.3
-79
91
Table B.14 Influence of alkali content- drying shrinkage data for Figure 5.21 (Unit: %)
Period of exposure(days)
HPCM
0
1
4
11
18
25
56
87
117
C
0 -0.027 -0.047 -0.059 -0.068 -0.073 -0.075 -0.078 -0.079
A1
0 -0.028 -0.049 -0.063 -0.069 -0.077 -0.078 -0.081 -0.080
A2
0 -0.029 -0.057 -0.071 -0.077 -0.079 -0.082 -0.085 -0.086
A3
0 -0.030 -0.057 -0.072 -0.079 -0.082 -0.083 -0.087 -0.087
A4
0 -0.028 -0.056 -0.071 -0.078 -0.083 -0.085 -0.089 -0.089
CF
0 -0.031 -0.049 -0.064 -0.068 -0.069 -0.072 -0.076 -0.077
A4F 0 -0.036 -0.061 -0.079 -0.084 -0.086 -0.090 -0.092 -0.094
A3a 0 -0.036 -0.058 -0.076 -0.082 -0.083 -0.091 -0.094 -0.095
A4a 0 -0.042 -0.070 -0.092 -0.100 -0.101 -0.107 -0.109 -0.110
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Table B.15 Influence of alkali content- RCP, volume of permeable voids, ASR distressed
flexural strength, flexural strength cured at 80 oC and compressive strength cured at 80 oC
data for Figures from 5.22 to 5.25.
Volume of ASR flexural
Flexural
Compressive
RCP
HPCM
permeable
strength
strength 80 strength 80 oC
(Coulomb)
o
voids (%)
(MPa)
C (MPa)
(MPa)
C
910
11.7
12
12
107
A1
920
11.8
9
15
106
A2
947
12.3
8
13
99
A3
984
12.5
10
12
96
A4
1036
12.4
7
12
95
CF
1174
11.9
18
15
113
A4F
1124
12.5
15
17
104
A3a
--9
10
103
A4a
--8
12
98
Table B.16 Influence of sand content- flow data for Figure 5.26 (Unit: %)
HRWRA dosage(%)
SFU content (SFU/c) s/cm
0.5
0.75
1
1.5
0
215.6 256.3 275.0 281.3
0.5 206.3 218.8 243.8 250.0
0
1.25 50.0 112.5 181.3 187.5
1.6
-43.8 118.8 125.0
2
--50.0 56.3
0
-262.5 275.0
-0.5
-237.5 243.8
-1.25
-162.5 165.8
-0.1
1.6
-128.3 131.3
-2
-37.5 37.5
-0
-212.5 212.5
-0.5
-193.8 212.5
-0.2
1.25
-150.0 181.3
-1.6
-93.8 131.3
-2
-31.3 68.8
--
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Table B.17 Influence of sand content - 1-day compressive strength data for Figures 5.28
and 5.29 (Unit: MPa)
HRWRA dosage(%)
SFU content (SFU/c) s/cm
0.5 0.75 1 1.5
0
95 86 84 62
0.5 96 81 68 58
0
1.25 83 82 68 70
1.6
-84 76 67
2
--78 72
0
-53 63 -0.5
-67 61 -0.1
1.25 -64 59 -1.6
-75 60 -2
-68 51 -0
-67 66 -0.5
-62 64 -0.2
1.25 -70 66 -1.6
-72 64 -2
-68 61 --
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Table B.18 Influence of sand content - 28-day compressive strength data for Figures 5.28
and 5.29 (Unit: %)
HRWRA dosage(%)
SFU content (SFU/c) s/cm
0.5 0.75 1
1.5
0
125 115 112 99
0.5 121 128 121 93
0
1.25 116 109 106 102
1.6
-- 111 109 110
2
--- 104 95
0
-- 122 115 -0.5
-- 118 106 -0.1
1.25 -- 116 131 -1.6
-- 103 106 -2
-- 105 109 -0
-- 120 114 -0.5
-- 114 123 -0.2
1.25 -- 105 120 -1.6
-91 112 -2
-96 102 -Table B.19 Influence of sand content - RCP and drying shrinkage data for Figures 5.30
and 5.31
s/cm Charge passed (Coulomb) Drying shrinkage (%)
0
4202
-0.1760
0.5
1551
-0.0995
1.25
985
-0.0610
1.6
833
-0.0495
2
805
-0.0435
Table B.20 Influence of sand content – drying shrinkage data for Figure 5.31 (Unit: %)
Period of exposure (days)
s/cm
0
1
4
11
18
25
56
87
0
0 -0.055 -0.103 -0.143 -0.155 -0.164 -0.176 -0.175
0.5 0 -0.039 -0.065 -0.084 -0.094 -0.098 -0.099 -0.102
1.25 0 -0.023 -0.039 -0.051 -0.056 -0.059 -0.061 -0.061
1.6 0 -0.024 -0.035 -0.042 -0.045 -0.048 -0.050 -0.052
2
0 -0.018 -0.030 -0.037 -0.038 -0.041 -0.044 -0.043
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Table B.21 Influence of SCMs – workability, compressive strength, bound water content,
volume of permeable voids and drying shrinkage data for Figures 5.32, 5.35, and Figures
from 5.37 to 5.49
Mixture
ID

1-day
compressive
strength
(MPa)

28-day
compressive
strength
(MPa)

Flow (%)

1-day
bound
water (%)

28-day
bound
water (%)

Volume of
permeable
void (%)

Drying
shrinkage
(%)

C

77

135

287.5

7.672

11.065

22.6

-0.1490

F1

56

148

303.3

7.200

11.979

23.6

-0.1730

F2

27

151

300.0

5.807

12.996

24.9

-0.1850

F3

7

117

306.3

4.612

13.217

24.3

-0.1770

M1

88

126

281.3

8.525

10.040

21.7

-0.1277

M2

91

144

246.9

9.456

10.120

18.3

-0.1107

M3

106

134

181.3

9.702

10.472

13.4

-0.0853

S1

69

140

268.8

8.113

10.248

17.3

-0.1845

S2

72

152

237.5

9.148

10.698

14.9

-0.1820

S3

58

119

175.0

9.196

11.330

16.2

-0.1680

S4

55

87

75.0

9.048

11.434

17.1

-0.1573

UF1

52

150

300.0

6.633

11.229

23.0

-0.1653

UF2

26

148

287.5

5.855

12.094

23.8

-0.1787

UF3

8

124

275.0

2.711

12.563

23.7

-0.1870

MUF1

75

133

275.0

6.389

9.373

20.3

-0.1393

MUF2

61

145

268.8

6.511

10.511

19.7

-0.1557

MUF3

59

145

239.0

6.673

10.353

16.2

-0.1490

MUF4

38

150

257.8

5.227

11.553

21.4

-0.1570

MUF5

32

136

239.0

6.425

11.949

17.2

-0.1407

MUF6

62

139

187.5

7.737

11.241

12.8

-0.1180

MUF7

30

118

234.4

6.786

12.637

18.5

-0.1423

MUF8

65

135

193.8

8.282

11.858

13.9

-0.1103

MF1

70

127

275.0

7.027

10.179

21.5

-0.1320

MF2

55

136

275.0

6.534

11.348

21.1

-0.1467

MF3

63

136

253.1

6.574

11.073

16.6

-0.1390

MF4

50

137

287.5

6.484

12.446

22.2

-0.1463

MF5

47

135

258.5

6.742

12.017

19.2

-0.1383

MF6

66

137

187.5

7.870

11.519

13.3

-0.1007

MF7

45

148

256.3

7.225

13.436

18.7

-0.1247

MF8

57

131

196.9

7.561

12.618

14.2

-0.1003
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Table B.22 Influence of SCMs – setting time data for Figure 5.33
Mixture ID Initial set (min) Final set (min)
C

739

910

S1

825

925

S2

650

765

F1

870

1020

F2

993

1110

M2

520

725

M3

277

410

Table B.23 Influence of SCMs – autogenous shrinkage data for Figure 5.34 (Unit: %)
Reading time (hours)

Mixture
ID

0

1

3

12

24

48

168

C

0

-0.0696

-0.1007

-0.1456

-0.1571

-0.1637

-0.1820

M2

0

-0.0532

-0.0936

-0.1741

-0.1876

-0.2058

-0.2387

M3

0

-0.0396

-0.1678

-0.2167

-0.2358

-0.2595

-0.2790

S1

0

-0.0433

-0.0797

-0.1029

-0.1255

-0.1407

-0.1592

S2

0

-0.0258

-0.0369

-0.0701

-0.0860

-0.1042

-0.1298

UF1

0

-0.0354

-0.1146

-0.1611

-0.1888

-0.2049

-0.2153

UF2

0

-0.0487

-0.1238

-0.1439

-0.1655

-0.1761

-0.1897

Table B.24 Influence of SCMs – drying shrinkage development data for Figure 5.36
(Unit: %)
Mixture ID
C
S1
S2
F1
F2
M2
M3

0
0
0
0
0
0
0
0

Period of exposure(days)
1
4
11
-0.046
-0.091
-0.130
-0.05
-0.100
-0.152
-0.05
-0.099
-0.150
-0.06
-0.113
-0.156
-0.06
-0.126
-0.174
-0.06
-0.086
-0.097
-0.05
-0.067
-0.074
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18
-0.146
-0.180
-0.177
-0.164
-0.179
-0.106
-0.081

25
-0.149
-0.185
-0.182
-0.165
-0.179
-0.111
-0.085

Table B.25 Combined influence of sand content and SMF content – workability,
compressive strength, flexural strength and drying shrinkage data for Figures from 5.50
to 5.54
First
1-day
Post crack
25-day
28-day
crack
Mortar Flow compressive
flexural
Drying
compressive
flexural
ID
(%)
strength
strength
shrinkage
strength (MPa) strength
(MPa)
(MPa)
(%)
(MPa)
M00
288
77
135
16.9
--0.1490
M01
269
73
128
17.7
--0.0993
M02
217
81
125
19.1
--0.0630
M03
163
77
121
18.8
--0.0527
M12
194
73
125
20.8
27.3
-0.0613
M13
156
68
121
21.7
30.3
-0.0490
M22
178
68
132
20.3
43.0
-0.0530
M23
75
86
122
19.9
40.3
-0.0420
M32
122
84
137
20.6
48.3
-0.0447
M33
13
79
142
21.8
52.8
-0.0410
Table B.26 Influence of chemical admixtures – paste data for Figures from 5.58 to 5.59
Flow (%)
Control
Powder SRA alone
VMA alone
Accelerator alone
Liquid SRA alone
Liquid SRA + Accelerator

237.5
181.3
178.1
200.0
250.0
212.5

1-day
compressiv
e strength
(MPa)
72
61
55
76
7
43
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28-day
compressiv
e strength
(MPa)
152
130
122
136
150
135

25-day
Drying
shrinkage
(%)
-0.1820
-0.1245
-0.1767
-0.1520
-0.1023
-0.0920

Initial
set
(min)

Final
set
(min)

650
--309
1040
545

765
--350
1109
593

APPENDIX C: SPECIFICATION OF UHPC FOR THE SOUTH CAROLINA
DEPARTMENT OF TRANSPORTATION

This appendix presents a specification of ultra-high performance concrete
(UHPC) for the South Carolina Department of Transportation. This specification was
developed based on the research work in this dissertation. It specified the definition,
testing and curing methods and material properties’ requirements of UHPC.
SPECIFICATION FOR ULTRA-HIGH STRENGTH SHEAR KEY GROUT

SCOPE
This specification consists of the proper material selection and production of Ultra-HighPerformance Concrete/Grout (UHPC) that meets the required properties for use as a shear key
material in construction of precast bridges.
MATERIALS
Required Properties of UHPC:
Produce and use UHPC consisting of the following components that are pre-blended and bagged:
fine aggregate, cementitious material (including portland cement, silica fume and any
supplementary cementitious materials), super plasticizer and shrinkage reducing admixture. Steel
microfibers and potable water that is suitable for use in concrete shall be blended into the UHPC
at the job site. Secondary admixtures may be used, provided, prior performance of such mixtures
has already been established.
The UHPC shall have a flowable consistency in fresh state (i.e. at the time of casting) with a flow
value of no less than 125% as defined in the ASTM C1437 test method.
UHPC material shall meet the following properties at 28 days from the time of casting, unless
otherwise noted:
(a) Minimum Compressive Strength (ASTM C109)
a. 28-day (not heat-treated)
b. 3 day (not heat-treated)
(b) Rapid Chloride Ion Permeability (ASTM C1202) at 28 days
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> 21 ksi
> 12 ksi
≤

200

Coulombs
(c) Flexural Strength (ASTM C78)
≥ 3000 psi
(d) Freeze-Thaw Resistance (ASTM C666, Procedure A, 300 Cycles)
RDM≥ 95%
(e) Drying Shrinkage (ASTM C596) at 90 days
≤
600
microstrains
(f) Autogenous Shrinkage (ASTM C1698) at 48 hours
≤
300
microstrains
(g) Alkali-Silica Reaction Potential (ASTM C1260)*
Innocuous
(h) Pull-Off Bond Strength
No Failure in UHPC Matrix or
at the Interface
with Precast Concrete
* ASTM C1260 test shall be conducted on fine aggregate alone used in UHPC and the result shall
be innocuous per ASTM C33 specification (i.e. average mortar bar expansion shall be less than
0.10% expansion at 14 days). Note this specification is not an evaluation of supplementary
cementing materials used in the UHPC.
Steel Microfibers:
Ensure that the steel microfiber consists of straight-wire fiber elements with an aspect ratio of 0.2
mm (0.079 inch) diameter x 13 mm (1/2 inch) length, and are made of steel having a Tensile
strength of 2160 MPa (313 ksi) and a Modulus of Elasticity of 210 GPa (30,450 ksi). Ensure that
steel microfibers are used in the UHPC at a dosage level of 265 lb/yd 3 of the UHPC mixture.
This level of dosage is equivalent to 2% by volume of the UHPC mixture. Certain properties of
UHPC shall be measured by using the mortar phase of the UHPC (i.e. no steel fibers shall be
included). These tests include rapid chloride ion permeability and alkali silica reaction potential
of fine aggregate.

QUALIFICATION TESTING
Qualification testing will be waived, if the same material from the same supplier has already been
tested and accepted according to this standard. The material will need to be recertified, if there is
any change in the source or the composition of the raw materials used in the UHPC blend. If not,
the UHPC blend shall be recertified annually. The Contractor shall complete the testing of the
UHPC a minimum of 30 days before placement of the joint. The testing sequence shall include
the submission of a plan for casting and testing procedures to the RCE for review and approval
followed by casting and testing according to the approved plan.
Casting and testing of the UHPC mixtures:
Casting and testing of UHPC mixtures must follow the procedures described below. Where
curing is not specified in the standard test methods for test specimens, curing of the test
specimens shall follow the same method of curing proposed to be used in the field. At a
minimum, the curing in the field shall consist of covering the wet UHPC shear key with a curing
compound or wet-burlap within an hour after the placement and maintain a saturated moisture
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condition in the burlap for a period of at least 3 days. The temperature of curing shall be within
10°F of the low end of the proposed temperature range for curing in the field.
Compressive Strength: A minimum of 12 cubes of 2 in. x 2 in. x 2 in. dimensions shall be cast.
3 cubes shall be tested on each testing day. Testing should be conducted at 3 days, 7 days, 14
days and 28 days after casting. The compressive strength shall be measured according to ASTM
C109 method and shall meet 12 ksi minimum at 3 days and 21 ksi minimum at 28 days. Only a
UHPC mixture satisfying these strength requirements shall be used to form the joint.
Rapid Chloride Ion Permeability (RCP): Determine the ability of the UHPC to resist ingress of
chloride ions through the matrix by measuring the rapid chloride ion permeability in accordance
with ASTM C1202 procedure. Note that the presence of steel microfibers in the UHPC causes
the RCP test values to be higher than what the UHPC matrix will allow. Therefore, it is required
that RCP test be conducted on the UHPC cementitious matrix (without the steel fibers). For this
purpose, mix and cast a portion of the UHPC without the steel fibers. Ensure that the RCP test
result from testing 28-day old UHPC specimen is no greater than 200 coulombs. For this test,
cast two 4-in. (dia) x 8-in. (long) cylinder specimens. At the age of 28 days, prepare the
specimens per ASTM C1202 and test for chloride ion permeability.
Flexural Strength: Measure the 28-day modulus of rupture (MOR) of prismatic specimens in
accordance with ASTM C78. Ensure the measured MOR is greater than 3000 psi, based on an
average of three specimens. Ensure that the prisms used in testing are 3 in. x 3 in. x 12 in.
Drying Shrinkage: Measure the drying shrinkage of UHPC mixture in accordance with ASTM
C596 test procedure. The 90-day drying shrinkage of the UHPC shall be less than 600
microstrains.
Autogenous Shrinkage: Measure the autogenous shrinkage of UHPC mixture in accordance
with ASTM C1698 test procedure. The 48-hour autogenous shrinkage shall be less than 300
microstrains.
Freeze-Thaw Resistance: Measure the freeze-thaw resistance of UHPC in accordance with
ASTM C666A. The relative dynamic modulus of elasticity at 300 cycles of freezing and thawing
shall not be less than 95%.
Alkali-Silica Reaction: Ensure that the fine aggregate used in the UHPC is not alkali silica
reactive by evaluating it in accordance with ASTM C1260.
Pull-Off Bond Strength: Determine the bond strength of the UHPC by casting a 1-inch thick
layer of UHPC on a saturated surface-dry precast concrete slab (that is representative of the
precast unit to be used in the field). The surface of the precast concrete slab on which UHPC
layer is to be applied shall be a clean surface (i.e. without any dust, debris or laitance), in a
saturated surface-dry (SSD) condition with a surface texture that is sand-blasted. Conduct the
pull-off bond strength test as per standard ASTM C1583 procedure. The pull-off bond strength of
UHPC shall be considered satisfactory, if the failure occurs within the matrix of the precast
concrete section. The pull-off bond strength shall be considered as unsatisfactory, if the failure
occurs at the interface of the UHPC-precast section or within the matrix of the UHPC itself. The
precast concrete to be used in the pull-off bond strength shall be a Class 6500 mix with a
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minimum 28-day compressive strength of 6500 psi.
Reinforcing Bar Pull-Out Bond Strength Test: Assess the bond of UHPC with steel
reinforcement using the Special Provision for Reinforcing Bar Pull-Out Bond Strength of UltraHigh Strength Shear Key Grout. Report the bond strength of the UHPC with reinforcing bar
based on average of three test results. All reinforcing bar pull-out tests are conducted after UHPC
achieves at least 21,000 psi in compressive strength, but no later than 28 days after casting. The
UHPC specimens shall be cured using standard curing practices. The bond strength results using
the specified steel reinforcement (diameter, coating and grade) and UHPC mixture design must
confirm that the specified embedment length is sufficient to yield the steel reinforcement prior to
slippage of the steel reinforcement or a shear cone failure at the surface of the UHPC.
Submit the results of all the tests specified to the RCE for review and acceptance, a minimum of
30 days prior to the use of UHPC in the field. All testing shall be conducted by an accredited
laboratory that meets the requirements of AASHTO R18 and is accredited by AMRL or CCRL for
all applicable tests. The testing laboratory must provide internal certifications for any tests that
AMRL or CCRL accreditation does not address.
CONSTRUCTION
Pre-Pour Meeting
Prior to the initial placement of the UHPC arrange for an on-site meeting with the UHPC
representative. The contractor’s staff, the RCE, and Inspectors shall attend the site meeting. The
SME shall be invited to attend the site meeting. The objective of the meeting will be to clearly
outline the procedures for mixing, transporting, finishing and curing of the UHPC materials.
At the time of mixing and placement of UHPC, a representative of the UHPC product company
shall be present on site along with appropriate SCDOT inspector(s). The manufacturer’s
representative must be properly trained (and certified if certifications are available) to perform all
additional tests required.
Storage:
Store all materials as required by the supplier’s specifications in order to protect the materials
against loss of physical and mechanical properties. This includes protecting raw materials from
exposure to moisture and chemical admixtures from exposure to freezing temperatures.
Form Work:
Design and fabricate forms in accordance with the approved installation drawings and the
recommendations of the manufacturer. The form work shall not be removed until either the
UHPC achieves a compressive strength of 12 ksi (based on cube strength) or until the UHPC is
cured in place for a minimum of 3 days as per the requirements of this specification.
Placement:
Follow the batching sequence as specified by the supplier. Fill the shear key so that the surface of
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the UHPC is flush with the top surface of the precast units to within a tolerance of plus 1/16” and
minus 0. Also, no steel fibers shall be allowed to protrude from the surface of the hardened
UHPC and exposed on the deck surface. Any presence of such fibers shall be rectified by
grinding the UHPC surface, once cured, to remove protruding fibers.
Curing:
Cure the UHPC in the forms according to the Manufacturer’s recommendations to attain the
required design strength at 3 and 28 days. As a minimum, the curing in the field shall consist of
covering the UHPC shear key with a curing compound or wet-burlap within an hour after the
placement and maintaining a saturated moisture condition in the burlap for a period of at least 3
days. Non-chloride based accelerators may be added to the UHPC mix to speed strength gain, as
long as the strength requirements are met at 3 and 28 days. The UHPC shall be protected from
freezing during the first 3 days of curing.
Quality Control:
(a) Flow: Measure the flow of each batch of UHPC. The flow test will be conducted using a
flow table meeting the requirements of ASTM C230 and conducted as per procedure
specified in ASTM C1437 test method. The flow for each batch shall be greater than
125%. The flow for each batch shall be recorded in a QA/QC log. Provide a copy of the
QA/QC log to the RCE.
(b) Compressive strength: Prepare four sets of compressive strength test samples for each
batch mixed. Each set of samples shall consist of 3 cubes of 2 in. x 2 in. x 2 in.
dimensions. All sets shall be moist cured for 3 days and shall be kept sheltered in open
air after 3 days until needed to conduct testing.
Test the concrete compressive strength in accordance with ASTM C109. The
first set is to be tested at 3 days. The second set shall be tested at 28 days. The third set
will be sent to the OMR between the 3rd and 14th day, which will be tested for its 28-day
compressive strength. The fourth set shall be treated as a reserve test. The structure may
be opened to traffic, upon the UHPC achieving a minimum compressive strength of
21,000 psi. At the contractor’s option, additional set(s) of compressive strength test
specimens may be prepared and tested before 28 days to determine if the 21,000 psi limit
is achieved prior to 28 days.

MEASUREMENT AND PAYMENT:
The quantity of the UHPC used in a project for payment purposes shall be measured by the
theoretical volume of UHPC computed from the neat lines shown on the plans. Deductions are
made for the volume of embedded items, except for reinforcing steel. No adjustment is made for
deflection of formwork or precast units, production tolerances of the precast units, or other
deviations from plan dimensions. No measurement is made for test batches. The volume of the
UHPC shall be computed to the nearest 0.1 cubic yards. The payment shall be made based on the
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quantity shown on the plans and shall be full compensation for furnishing and placing the UHPC
as specified or directed and includes costs of the mix design, sampling, and testing; furnishing,
storing, batching, mixing, and transporting concrete materials; admixtures; false work and forms
(including any formwork that remains in place); surface finishing and curing; quality control
personnel and equipment; and all other materials, labor, equipment, tools, supplies, transportation,
and incidentals necessary to fulfill the requirements of the pay item in accordance with the Plans,
the Specifications, and other terms of the Contract.
Item No.
Item
Pay Unit
8990512 Ultra High Strength Shear Key Grout
CY
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